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~and development programs for fiscal year 1793, Thiz book fulfills a dual
purpose: it provides an exchange of infors * ion among scientists; engingers,
scholars, and managess; it is aiso used in fence an fing
professiomals. “As you réad this 1994 NRL
“aware that the Naval Research Laboratory i+ a dynamic team working together
19 promote the programs, progress, and i svations that will contimue to {oster
discoveries, inventiveness, and scientific - ances for the Navy of the future.

ruiting scfence and engineering
eview, you will begoine even move

In this 1994 NRL Review, we present ' shiiphts of the urictessified research k
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Couvers  Dr. lgabslla Kerle of the Leboratory for s Seructure of Matter raceived the Dower
Avenrd and Priza {or Achlavament in SGainnse on Aprit 7, 1994, in Philadelphia,

- Pannaylvania, This Award was establis! - in 1990 by a bequest from Philadelphia
chemical manufacturer Henry Bowier to 2 Frankiin Institute. The award honoss
international achieverrent in the physic. ! and life sciences. that significantly
advences human knowledge and walfare, The Franklin Institute was organized in
Philadeiphia in 1824 a5 a8 mamorial to Brviamin Franklin and as a means of

promoting oxperiment and training in the sciences and technology—A biographical

cverview. of Dr. Karle's profossional ceronr at NRL appears on page 9.
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‘‘The broad nature of
NRL provides an
interdependent grid
of expertise that en-
ables multidisciplin-
ary solutions to

Navy, Defense, and
national challenges. "’

Preface

CAPT Paul G. Gaffney I, USN
Commanding Officer

When one enters through the main
gate at the Naval Research Laboratory in
Washington, DC, one is immediately
reminded of the Laboratory’s rich heritage.
The bust of Thomas Edison greets each
employee and visitor assuring all that the
deliberate decision to create this great
Laboratory involved the nation’s most
prestigious scientific, business, and Federal
leaders. That these designers of NRL
were so rigorous in their task has stood the
Laboratory in good stead for over seven
decades. The model they created in NRL,
today serves as a benchmark for other
Defense laboratories and development
centers, which seek a quality workforce
producing world-leading technology.

Research for a Navy and a Nation

The broad nature of NRL provides an
interdependent grid of expertise that enables
multidisciplinary solutions to Navy, De-
fense, and national challenges. It is just
this multidisciplinary advantage that pushes
NRL into leadership positions in technolo-
gies addressing, for example, critical envi-
ronmental quality (EQ) issues that our Navy
and our world face.

Citing NRL’s contemporary advances
in EQ is but one example of the ability to
apply technologies aimed at Navy needs to
national needs, as well. Another example
one should consider is NRL’s contribution
to advanced information networking so
important to tactical Marine Corps and
Navy operations and also part of the na-
tional imperative for an efficient Informa-
tion Highway. NRL’s use of new computer
and materials technologies and novel inte-
gration techniques in spacecraft develop-
ment blaze the way for renewed opportuni-
ties in the space industry. And, as this
Review aptly portrays, decades long contri-
butions from great scientists, like NRL’s
Dr. Isabella Karle, are directly influencing
developments in the Navy and other parts
of Government and industry.

One of the best metrics to judge the
utility of the Laboratory’s work beyond its
obvious and historic contribution to Navy
and Marine Corps prowess is through direct
partnerships with industry in joint licensing
and/or Cooperative Research and Develop-
ment Agreements. NRL is proud of and
committed to its Navy leadership in tech-
nology transfer and dual use.

While NRL pursues the challenges of a
Department of the Navy whose reach is
truly global and whose foundation is tech-
nologically superior, we also intend to act
responsibly and contribute to the national
technological well being as America’s
corporate laboratory.




Predicting specific developments in
science and technology in the coming
decades is difficult and perhaps impossible.
One can, however, predict that there will
be continuing pressure on the scientific
enterprise to contribute to the defense of
the Nation as well as to contribute towards
economic prosperity for the American
people. This could be cast as a dilemma,
but it need not be. When one performs the
calculus of variations to determine the
national investment strategy for science
and technology, one must include among
the many constraints the need to provide
for the common defense and the need to
contribute to the development of economic
prosperity. History has taught us that both
constraints must be honored.

The Naval Research Laboratory has
played, and will continue to play, a special
role in the area of defense. NRL has a
responsibility to maintain a cadre of scien-
tists and engineers whose principal job is
to maintain the Nation in a state of scien-
tific and technological readiness. In order
to do this, NRL must remain current on
important developments in science and
technology at large, not just within NRL.
This requirement demands that there be
strong relationships between the Labora-
tory and the scientific and technology
establishment. We have learned that one of
the most effective ways to encourage such
relationships is through sharing of facilities
used to conduct research.

As I have said before, any science
and technology organization, which today
attempts to be an island unto itself, would
soon be lost in the dust of the rapid ad-
vance in science and technology. There-
fore, as NRL reevaluates its research
infrastructure for the post cold war era, the
sharing of facilities among academia,

““NRL has a respon-
sibility to maintain
a cadre of scien-
tists and engineers
whose principal
Jjob is to maintain
the Nation in a
state of scientific
and technological
readiness.”’

Dr. Timothy Coffey
Director of Research

industry, and the Laboratory should be an
explicit component of that reevaluation. This
sharing should be consistent with the respec-
tive roles played by the Laboratory and its
partners.

Recognition of our respective roles and
of the need for partnerships and sharing of
facilities, knowledge, and personnel will go
far in contributing to a successful calculus
of variations. It will be one of the most
successful vehicles for fostering the dual-use
concept, which has received so much dis-
cussion in recent years. NRL is prepared to
play its role as a partner in the Nation’s
overall science and technology program,
while at the same time, maintain focus on
defense research issues.




NRL’s New Commanding Officer

CAPT Richard M. Cassidy, USN

CAPT Richard M. Cassidy was previously
assigned as Technical Director and Associate Pro-
gram Manager in the AEGIS Program Office before
coming to NRL.

Prior to assuming his major program manager
duties, CAPT Cassidy served in an extensive number
of combat systems engineering assignments in the
AEGIS Program. He served as the AEGIS Combat
System Engineering Manager (PMS 400B3) where he
was responsible for the design, development, and
lifetime support of Ticonderoga class cruiser and
Arleigh Burke class destroyer combat systems. Prior
to that he served as the AEGIS Combat Systems
Operations Manager (PMS 400B5) and established
the AEGIS FMS case with Japan as well as several
battle group and advanced AAW programs. Other
ashore assignments included: Director of AAW
Special Programs in the Naval Sea Systems Com-
mand (SEA 06Y); DDG 51 Combat System Manager
(PMS 400DS), where he was part of the original
project team that designed the Arleigh Burke class;

instructor at the Engineering Duty Officer School;
and System Engineer at the Joint Tactical Communi-
cations Office (TRI-TAC).

CAPT Cassidy’s shipboard assignments included
the USS Stickell (DD-888) and USS Conyngham
(DDG-17). He became an Engineering Duty Officer
in 1974,

He is a 1970 graduate of the University of
North Carolina where he received a B.A. in Eco-
nomics. He also holds a Master -f Science in Electri-
cal Engineering from the Naval Postgraduate School
and a Masters in Business Administration from Fair-
leigh Dickinson University. CAPT Cassidy was
selected as the Navy’s 1990 representative at the
MIT Sloan School Program for Senior Executives.

CAPT Cassidy has been awarded the Defense
Meritorious Service Medal, the Meritorious Ser-
vice Medal (two awards), and the Navy Commen-
dation Medal. He is married to the former Lois
Bergman of Annandale, Virginia. The Cassidys
reside in Annandale.




A Career That Matters®

Bower Award Recognizes Pioneering
Contributions of Dr. Isabella Karle

David K. van Keuren
Historian

The presentation of the 1993 tute of Philadelphia for her ‘‘pioneer-
Bower Award and Prize for Achieve- ing contributions in determining the
ment in Science to Isabella Karle three-dimensional structure of mole-
marks the latest public recognition of cules, making use of both X-ray and
this esteemed Naval Research Labora- electron diffraction, and in particular
tory scientist’s path-breaking achieve- for her definitive introduction ... of the
ments in crystallography and molecular symbolic addition method to reveal
chemistry. In receiving the award, Dr. molecular structure directly from X-
Karle was cited by the Franklin Insti- ray studies’’ [1].

*With acknowledgement to Dr. Jerome Karle, *‘Structures That Matter,”’ Report of NRL Progress,
July 1973, pp. 86-89. Informational background for this article, unless otherwise noted, is provided
by oral histories with Isabelia and Jerome Karle on deposit in the NRL Historian’s office.
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The Award, presented as a memo-
rial to Dr. Benjamin Franklin, honors
outstanding achievement and innova-
tion in the life and physical sciences
and its application toward service in
the public good. Dr. Isabella Karle is
the fourth recipient of the prize and the
first woman to receive it—clearly a
fitting recognition of her half-century
career in science and service to NRL,
the United States Navy, ai:d mankind
in general.

EDUCATION AND EARLY
INFLUENCES

Dr. Karle’s ties to both science
and the Navy date back to her high
school days in Detroit, Michigan. Born
Isabella Lugoski in 1921, she was
introduced to chemistry while a student
at Edwin Denby High School (named

Drs. Jerome and Isabella Karle with Professor
Brockway (left) at the University of Michigan in
1945

after Warren G. Harding’s Secretary
of the Navy). Mrs. Deming, her chem-
istry instructor, was an inspiring
teacher, passing along to students her
knowledge and love of chemical sci-
ence. The experiences and tastes ac-
quired by Isabella in Deming’s class
have never left her. She decided to
pursue chemistry in college and ma-
triculated at what is now Wayne State
University in January of 1938. The
following fall, she transferred to the
University of Michigan with a state
scholarship conferred through competi-
tive examination.

As one of a handful of women ma-
joring in chemustry at Michigan, Isa-
bella faced the daunting task of making
her way in a heavily male-dominated
classroom environment and profession.
Nevertheless, through hard work and
scholastic aptitude, she thrived at the
university. Isabella took qualitative
chemical analysis with Professor Robert
Carney and subsequently served as his
laboratory assistant. Later, she was a
student in Lawrence Brockway’s senior-
level physical chemistry course and was
invited to be his graduate student. Her
future course was thereby set in more
ways than one: she met her future
husband, Jerome Karle, a first-year
graduate student, at an adjoining bench
in the class’s laboratory section. The
two were married in 1942.

Professor Brockway was a leader
in the small circle of researchers who
were using electron diffraction to study
the molecular structure of simple
organic molecules. Upon his arrival at
Michigan from the California Institute
of Technology in 1938, Brockway had
built an electron diffraction apparatus
to continue his studies in molecular
structure. Isabella Karle, as one of his
students, chose as her dissertation topic
the electron diffraction analysis of
gaseous state fluorine and hydrocarbon
compounds. Both she and her husband




would later carry the expertise they
acquired under Brockway to the Naval
Research Laboratory.

FROM THE MANHATTAN
PROJECT TO NRL

In 1943, the Karles were recruited
to work for the Manhattan Project at
the University of Chicago’s Metallurgi-
cal Laboratory. There Isabella was
assigned the responsibility of making
plutonium chloride, as a step toward
the production of plutonium for fis-
sion purposes. Having successfully
completed their assigned research re-
sponsibilities, the Karles returned to
Michigan in 1944. Jerome joined
Brockway’s staff under a research
contract Brockway had with NRL’s
Chemistry Division, thus beginning his
long connection with the Laboratory.
Isabella, her Ph.D. now in hand,
joined the University of Michigan’s
chemistry faculty as an instructor. In
1946, both were offered regular posi-
tions at the Naval Research Labora-
tory, where they joined Herbert Fried-
man’s Electron Optics Section in the
Optics Division.

REORGANIZATION OF NRL
AFTER WORLD WAR II

The postwar years were a time of
great expansion and change at NRL.
The prewar Laboratory had served the
Bureau of Engineering as essentially an
applied job shop, with a limited re-
search program squeezed out of bureau
funds and the small annual Congres-
sional appropriation [2]. The Naval
Consulting Board’s earlier idea of
creating an industrial-style research
and development (R&D) laboratory for
the Navy had withered in the face of
the post-World War I military draw-
down and then the Great Depression
[3]. Laboratory leaders in the 1944-
1946 time frame, however, were intent

on holding on to recent wartime in-
creases in personnel and funding.
Furthermore, they hoped to add new
scientific programs and to improve the
quality of the research staff in the
postwar era. From an emphasis on
short-term war-related project work,
they hoped to shift research emphases
to long-term basic and applied investi-
gations that would produce benefits for
the Navy and Nation over the long
haul [4].

With the organization of the Navy
Bureau of Research and Inventions in
1944 and its successor the Office of
Naval Research in 1946, new funding
and administrative structures came into
place that facilitated the organizational
aims of NRL leadership. The high
prestige of science after the war addi-
tionally assisted the goal of fashioning
a strong Navy center for applied and
basic research at NRL.

The postwar research program that
resulted continued Laboratory research
in such areas of strength as underwater
sound, radar, metallurgy, and surface
chemistry. To it were added new or
much extended studies in areas such as
upper atmospheric physics, atomic and
radiation physics, solar physics and
astronomy, radio astronomy, rocket
research, and others [5]. The Karles’
work in structural analysis through the
use of electron diffraction was of
interest to NRL scientific management
and complemented the work of a grow-
ing corps of Laboratory researchers
already investigating X-ray phenom-
ena. Their expertise added an impor-
tant and cutting edge scientific compe-
tency to the Laboratory’s research
portfolio.

GASEOUS ELECTRON
DIFFRACTION WORK

Isabella’s first task at the Labora-
tory was assembling and testing the
new electron diffraction instrument

11
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designed by Jerome. Although NRL
possessed a commercially made elec-
tron diffraction apparatus, it was
limited to working with solid sub-
stances, and Jerome was interested in
taking diffraction patterns from gases.
The resulting instrument was far ad-
vanced over both the existing NRL
machine and the instruments the Karles
had used as graduate students at Michi-
gan. Using state-of-the-art electronics
and double lenses to focus the electron
beam, the instrument provided a
cleaner beam, a more precise diffrac-
tion photograph, and better data.
Isabella’s next task was to get a
quantitative measure of what was on
the photographic plate. She accom-
plished this by using a microphotom-
eter while rotating the concentric
pattern about its center to average out
the residual graininess that is present
even in fine-grained photographic
emulsions (which she had to choose
carefully for their response to the

Dr. Karle carrying out experimental work on
electron diffraction apparatus in 1949

action of electrons). Before that time,
measurements of scattering patterns
were very qualitative.

Data yielded by scattering pat-
terns, when put through a Fourier
transform, results in a probability
measurement of the occurrence of
interatomic distances in the molecule.
Jerome recognized that one implication
of this was that the probability curve
should not have any negative values in
it: that is, the probability would be
either 0 or a positive number. Based
on this insight, Isabella carried out the
experimental work and found out how
to separate the atomic scattering from
the molecular scattering so that the
resulting curve—a representation of the
probability of the occurrence of inter-
atomic distances—was non-negative.
From such a curve, she was able to
determine not only the interatomic dis-
tances but also the vibrational and
rotational motions in the gaseous mole-
cules under study. The Karles simuita-




Drs. Jerome and Isabella Karle examine a
model of batrachotoxinin A that they
jointly determined in the 1960s

neously established a working relation-
ship that has continued over their long
career at NRL: Jerome acted as the
theoretician, and Isabella was responsi-
ble for their joint work’s experimental
verification.

The Karles produced their first
paper on the structure determination
method in 1947 and followed it up
with further publications in 1949 and
1950 [6-8]. This published record pro-
vided the basis by which other scien-
tists were able to pick up on the
Karles’ method and use it in their own
work.

X-RAY DIFFRACTION ANALYSIS

The non-negativity principle
worked so well in electron diffraction
structure determinations that Jerome
and Herbert Hauptman, who had come
to the Laboratory in 1947, quickly
decided to attempt to apply it to the
analysis of X-ray diffraction patterns
derived from crystalline substances.
They rapidly discovered that the avail-
able data were greatly overdetermined
in respect to the numbers of un-
knowns. Consequently, they were able
to construct an infinite set of inequali-
ties that related intensities to each

other that in turn determined the

phases. It had previously been believed
that phase information was necessari!*r
lost in the experiment. With both
magnitude and phase information, the
crystalline structure could then be
deduced from the data.

The “‘direct method of phase de-
termination’’ received its first airing at
the meetings of the Crystallographic
Society of America in 1949 and was
subsequently published the next year in
Acta Crystallographica [9]. Jerome
Karle and Hauptman followed this up
in 1953 with their paper on ‘‘The
Probability Distribution of the Magni-
tude of a Structure Factor. I. The
Centrosymmetric Crystal’’ [10]. The
theoretical work for which they would
eventually receive the Nobel Prize was
now essentially done. However, it
needed to be demonstrated experimen-
tally to a generally skeptical scientific
community. Jerome turned to Isabella
Karle to accomplish this end.

Isabella quickly taught herself
how to take X-ray diffraction photo-
graphs from a single crystal and started
making scattering measurements. But
th.. left her with the task of deter-
mining how to bridge the gap between
the theory and the experiment. She

13
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reminisces that ‘‘the theory in many of
the formulas just assumed that there
was an infinite amount of scattering
data, which, of course, there never is,
experimentally. There were many
formulas. There were many intensities.
Which ones [ought one] to begin with
to try to determine their phases? That
was a matter of trial and error and
thought™’ [11].

Eventually, she determined a
reasonable procedure with which to
start a phase determination. Assign-
ment of phases to three specially cho-
sen reflections chooses an origin for
the unit cell in a crystal, that is, the X,
Y, and Z coordinates have to start off
at 0 somewhere. By carefully selecting
these reflections, she discovered that
eventually they could evaluate the
phases for many other reflections
because the several types of formulas
she was using augmented each other
and gave information from more than
one direction. This process allowed her
to build up enough approximate phase
information to put into a Fourier se-
ries, along with the related intensities,
to get an electron density map.

Isabella Karle examines structure of jamine in
1964

Isabella made her first structure
determination on p,p’-dimethoxybenzo-
phenone in 1957 [12]. The final step in
the solution required taking the data
and computing a reliability factor
between the determined structure and
its measured analog. At that time,
there was not a powerful-enough com-
puter at NRL to do the necessary
calculations. Consequently, she had to
acquire time on IBM’s large compu-
in New York City (displayed in a .
Avenue window) to make the neces
sary refinements. The cost was almost
equivalent to an entire year’s budget,
but it worked: the calculated structure
proved correct. Theory and experimen-
tal practice had been bridged.

THE SYMBOLIC ADDITION
METHOD

However, Isabella soon realized
that the method she used in determin-
ing the structure of p,p’-dimethoxyben-
zophenone was not going to work as
well with other substances. For most
structures, more than three initial
phases were needed to proceed with a
phase determination. It would be diffi-
cult, she concluded, to assign other
phases a priori and carry on parallel
phase determinations. But why not use
unknown symbols? Once the idea oc-
curred to her it wasn’t long before
she realized that she did not need to
assign many unknowns—never more
than five—before relationships started
occurring between the symbols that
were strong enough and, from a
probability point of view, acceptable
enough, to allow phase determinations
to be made. This was the origin of the
Symbolic Addition Method in phase
determination, which eventually be-
came the standard method of analysis
in the field.

By the early 1960s, Isabella had
become adept at using the new method
for structure determinations of centro-




Dr. Kerle and cowarker Janet Estlin adjust Weissenberg (left) and precession cameras used
in X-ray diffraction research during the late 1960s

symmetric crystals (crystals with a
center of symmetry). She first dis-
cussed the method in a paper on cyclo-
hexaglycyl in 1963 and in another
paper on jamine published shortly
thereafter [13,14]. Symbolic Addition
worked fine with centrosymmetric
crystals. However, the case of non-
centrosymmetric crystals, which in-
cluded most of the organic substances
researchers were interested in, pre-
sented extra difficulties.

The value of the phases in noncen-
trosymmetric crystals could vary from
0 to 2x, in contrast to centrosymmetric
crystals in which phases have values
only of 0 or x. This presented the
problem of which values to assign to
the symbols that remained unevaluated
at the end of a phase determination.
Isabella decided that the obvious solu-
tion was to assign just four values, O,
x/2, x, —x/2, to serve as a suffi-
ciently close approximation. Usually
one map, calculated from the several
possible phase sets, would thereby

prove correct enough to demonstrate a
piece of the structure, if not its en-
tirety. Jerome then suggested using the
piece that was known as a means for
approximating the unknown parts of
the structure. The tangent formula
could then be applied to produce a
better approximation. It was a stepwise
development that eventually worked to
solve the entire structure.

Isabella published her first noncen-
trosymmetric structure, that of argi-
nine, in 1964 [15]. Numerous other
structures followed in the next few
years. In 1966, a landmark paper was
published that summarized both the
theory and the procedure [16]. Both
the method and the large amount of
NRL research that successfully applied
it soon captured the attention of the
scientific world. Other laboratories
began to emulate the work at NRL,
and, as the sophistication and speed of
computers developed, many computer
programs were written to facilitate the
processes involved.
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Isabella Karle stands in front of picture of Co-
lumbian poison dart frog and representation of

toxin structure
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COLLABORATIVE EFFORTS
WITH NIH

NRL'’s success in mapping the
structure of complicated organic sub-
stances quickly attracted the interest of
other researchers. Dr. Bernhard Wit-
kop of the National Institutes of Health
(NIH) approached the Karles in 1968
with microgram amounts of the poison
dart frog venom batrachotoxinin A
from the Colombian jungles. Dr.
Witkop thought the venom might have
medicinal applications and needed to
know its chemical structure. The
Karles were able to establish the struc-
tural formula of the toxin, thus initiat-
ing what would prove to be the first of
many collaborations with Dr. Witkop
and his colleagues at the Institute [17].
Many other collaborative efforts with
organic chemists and biochemists
followed.

Isabella subsequently cooperated
with Dr. Witkop on analyzing the
structures of a number of derivatives
of amino acids exposed to ultraviolet
light. Other work in photochemistry
(structural mapping of photoarrange-
ment products) followed. More re-
cently she has concentrated on under-
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standing the structure of peptides, both
on the molecular level and on the level
of how the molecules are assembled
together.

CURRENT RESEARCH

Dr. Karle’s current research in-
cludes investigating how peptides
associate to form ion channels in cell
membranes, with the intent of under-
standing how ions are transported
through the membranes. Other re-
search involves peptidomimetics. The
goal here is to better understand the
structure of peptides before attempting
to redesign them for more effective
medical applications.

From the beginning of the Karles’
work in electron diffraction at NRL in
the later 1940s to the widespread
acceptance and emulation of molecular
structure determination by the direct
method in the late 1960s, twenty years
had passed. The striking and important
research achievements of Isabella and
Jerome Karle over this period of time
and beyond amply justify the faith of
NRL'’s wartime leadership in the po-
tential rewards to the Navy and the
Nation of long-term basic research.




The Bower Award is yet another
certification of the essential correctness
of that vision. It is also a recognition
of the finely tuned combination of
intellectual acuity, experimental rigor
and insight, and hard work that Isa-
bella has brought to her work through
the course of her scientific career. The
applied results of this basic research
are already benefiting the United States
and humanity in innumerable ways.
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NRL—Our Heritage

Today, when government and science seem
inextricably linked, when virtually no one ques-
tions the dependence of national defense on the
excellence of national technical capabilities, it is
noteworthy that in-house defense research is
relatively new in our Nation’s history. The
Naval Research Laboratory (NRL), the first
modern research institution created within the
United States Navy, began operations in 1923.

Thomas Edison’s Vision—The first step
came in May 1915, a time when Americans
were deeply worried about the great European
war. Thomas Edison, when asked by a New
York Times correspondent to comment on the
conflict, argued that the Nation should look to
science. ‘‘The Government,’’ he proposed in a
published interview, ‘‘should maintain a great
research laboratory.... In this could be devel-
oped...all the technique of military and naval
progression without any vast expense.’” Secre-
tary of the Navy Josephus Daniels seized the
opportunity created by Edison’s public com-
ments to enlist Edison’s support. He agreed to
serve as the head of a new body of civilian
experts—the Naval Consulting Board—to advise
the Navy on science and technology. The
Board’s most ambitious plan was the creation of
a modern research facility for the Navy. Con-
gress allocated $1.5 million for the institution in
1916, but wartime delays and disagreements
within the Naval Consulting Board postponed
construction until 1920.

The Laboratory’s two original divisions,
Radio and Sound, pioneered in the fields of
high-frequency radio and underwater sound
propagation. They produced communications
equipment, direction-finding devices, sonar sets,
and, perhaps most significant of all, the first
practical radar equipment built in this country.
They also performed basic research, participat-
ing, for example, in the discovery and early

exploration of the ionosphere. Moreover, the
Laboratory was able to work gradually toward
its goal of becoming a broadly based research
facility. By the beginning of World War II,
five new divisions had been added: Physical
Optics, Chemistry, Metallurgy, Mechanics and
Electricity, and Internal Communications.

The War Years and Growth—Total employ-
ment at the Laboratory jumped from 396 in
1941 to 4400 in 1946, expenditures from $1.7
million to $13.7 million, the number of build-
ings from 23 to 67, and the number of projects
from 200 to about 900. During WWII, scien-
tific activities necessarily were concentrated al-
most entirely on applied research. New elec-
tronics equipment—radio, radar, sonar—was
developed. Countermeasures were devised.
New lubricants were produced, as were antifoul-
ing paints, luminous identification tapes, and a
sea marker to help save survivors of disasters at
sea. A thermal diffusion process was conceived
and used to supply some of the 2°U isotope
needed for one of the first atomic bombs. Also,
many new devices that developed from booming
wartime industry were type tested and then
certified as reliable for the Fleet.

NRL Reorganizes for Peace—Because of the
major scientific accomplishments of the war
years, the United States emerged into the post-
war era determined to consolidate its wartime
gains in science and technology and to preserve
the working relationship between its armed
forces and the scientific community. While the
Navy was establishing its Office of Naval Re-
search (ONR) as a liaison with and supporter of
basic applied scientific research, it was also
encouraging NRL to broaden its scope and be-
come, in effect, its corporate research labora-
tory. There was a transfer of NRL to the ad-
ministrative oversight of ONR and a parallel
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shift of the Laboratory’s research emphasis to
one of long-range basic and applied investiga-
tion in a broad range of the physical sciences.

However, rapid expansion during the war
had left NRL improperly structured to address
long-term Navy requirements. One major
task—neither easily nor rapidly accomplished—
was that of reshaping and coordinating research.
This was achieved by transforming a group of
largely autonomous scientific divisions into a
unified institution with a clear mission and a
fully coordinated research program. The first
attempt at reorganization vested power in an
executive committee composed of all the divi-
sion superintendents. This committee was
impracticably large, so in 1949 a civilian direc-
tor of research was named and given full au-
thority over the program. Positions for asso-
ciate directors were added in 1954.

The Breadth of NRL—During the years
since the war, the areas of study at the Labora-
tory have included basic research concerning the

Evelyn Longman-Batchelder sits before the Thomas
Edison bust in clay from. She was the only sculptor
ever to model Edison from life, visiting him at his
Florida home for pictures and measurements. The
bust was later installed and unveiled inside the main
gate entrance at NRL in 1952,
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Navy’s environments of Earth, sea, sky, and
space. Investigations have ranged widely from
monitoring the Sun’s behavior, to analyzing
marine atmospheric conditions, to measuring
parameters of the deep oceans. Detection and
communication capabilities have benefited by
research that has exploited new portions of the
electromagnetic spectrum, extended ranges to
outer space, and provided means of transferring
information reliably and securely, even through
massive jamming. Submarine habitability,
lubricants, shipbuilding materials, fire fighting,
and the study of sound in the sea, have also
been steacfast concerns.

The Laboratory has pioneered naval re-
search into space, from atmospheric probes with
captured V-2 rockets, through direction of the
Vanguard project—America’s first satellite
program—to involvement in such projects as the
Navy’s Global Positioning System. As part of
the SDI program, the Low-Power Atmospheric
Compensation Experiment (LACE) satellite was
designed and built by NRL. Today, NRL is the
Navy'’s lead laboratory in space systems re-
search, fire research, tactical electronic warfare,
microelectronic devices, and artificial intelli-
gence. NRL has also evaluated new issues,
such as the effects of intense radiation and
various forms of shock and vibration on air-
craft, ships, and satellites.

The consolidation of NRL and the Naval
Oceanic and Atmospheric Laboratory, with
centers at Bay St. Louis, Mississippi, and
Monterey, California, has added new strengths
to the Laboratory. NRL now serves as the lead
Navy laboratory for research in ocean and atmo-
spheric sciences with special strengths in physi-
cal oceanography, marine geosciences, ocean
acoustics, marine meteorology, and remote oce-
anic and atmospheric sensing. The expanded
Laboratory is focusing its research efforts on
new Navy strategic interests and needs in the
post-Cold War world. Although not abandoning
its interests in blue water operations and re-
search the Navy is also focusing on defending
American interests in the world’s littoral re-
gions. NRL scientists and engineers are working
to give the Navy the special knowledge and
capabilities it needs to operate in these waters.




During the last year NRL researchers were
responsible for important scientific and engi-
neering advances in a number of areas. Scien-
tists within the Laborato~y’s Marine Geophysics
Division cooperated with academic scientists,
Space and Naval Warfare Systems Command,
and the U.S. Atlantic Fleet in using the Navy’s
integrated undersea surveillance system to detect
and track whales and to detect seafloor seismic
disturbances in the Atlantic Ocean. Named
‘“Whales ’93,”’ the program seeks to use the
acutely sensitive detection system for picking up
the acoustic signals given off by whales and
earthquakes. The program, even in its infancy,
has yielded unprecedented information on both
marine mammals and seismic activity in the
Atlantic Ocean.

An underwater optical imaging system has
been developed by Laboratory scientists that is
capable of detecting and identifying submerged
objects, at longer ranges than previously possi-
ble, in murky or turbid waters. Using a green
laser pulse and a time-delayed camera shutter,
the system is able to produce maiied improve-
ments in the image contrast of targets in tur-
bid water. In another marine related research
and development (R&D) advance, NRL chem-
ists have tested an advanced fouling release
coating for Navy ships. The hull coating per-
mits the easy removal of organisms from ship
hulls and is simultaneously safe for the ocean
environment.

In other work, researchers at the Labora-
tory have designed and tested improved brackets
for sonar transducers. The nonmetallic mounting
brackets will provide improved reliability and
reduced weight on submarines, as well as major
cost savings to the Navy. A portable unit for
dechlorinating shipboard seawater systems has
been developed by the Laboratory’s Marine
Corrosion Facility in cooperation with the
ARINC Research Corporation. The new unit
will provide environmental compliance for the
use of electrolytic chlorination needed to control
marine biofouling in ship seawater cooling
systems. NRL’s Optical Sciences Division re-
searchers have developed a signal processing
technique for an open- loop, fiber-optic gyro-
scope. The new technique will provide the basis
for a low-cost optical gyro system. Elsewhere in
the Laboratory, scientists have designed and
implemented a soft X-ray microscope that has
recorded images of laser-produced plasmas at a
wavelength of 130 A with the highest spatial
resolution ever achieved.

Two instruments developed by scientists at
NRL to study atmospheric and solar science
were launched as part of NASA’s second Atmo-
spheric Laboratory for Applications and Science
(ATLAS) mission. The Solar Ultraviolet Spec-
tral Irradiance Monitor (SUSIM) and the Milli-
meter-Wave Atmospheric Sounder (MAS) are
studying the chemical and physical components
of the Earth’s middle atmosphere and the solar

The primary payload of instruments com-
prising the ATLAS-2 are shown on a
spacelab pallet. The parabolic antenna
belonging to the MAS instrument is in the
box outlined. SUSIM is mounted on the
rear right corner of the pallet. (photo
courtesy of NASA)
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Dr. William Kirwan, president of the University of Maryland,
College Park, and CAPT Gaffney shake hands following the
official signing of their CRADA to assist in transferring technol-
ogy to companies in Maryland

energy injected into the atmosphere over the
high northern latitudes. Ptcliminary measure-
ments from the MAS have included complete,
uniform readings of stratospheric temperature,
water vapor, ozone profiles, and chlorine mon-
oxide over about 75% of the Earth.

In other research, NRL geophysicists using
a combination of satellite and radar imagery and
airborne gravity and magnetic studies have
found evidence of active volcanism and elevated
heat flow beneath the West Antarctic Ice Sheet.
Further studies and imagery suggest that other
volcanic constructs are located elsewhere under
the ice sheet. U.S. astronauts have also bene-
fited from the results of NRL R&D. Astronauts
on Space Shuttle flight STS-53 in December
1992 and STS-56 in April 1993 used the NRL-
developed, hand-held Earth-oriented, real-time
cooperative user-friendly location, targeting, and
environmental system (HERCULES) to locate
objects on Earth. The system allows astronauts
to point a camera at a specific feature on Earth,
record its image, and then determine the ob-
ject’s latitude and longitude.

NRL astronomers led a team of scientists
that were the first to detect radio emissions from
the bright supernova SN1993J in the nearby
galaxy M81. This was the brightest and clos-
est stellar explosion to occur in the northern
sky in over 50 years. The team used the Very
Large Array radio telescope to make their ob-

24

servations. Other NRL astronomers analyzed
observations from NASA’s Compton Gamma
Ray Observatory to search for evidence of a
black hole, which is thought might be near the
center of the Milky Way galaxy. Early results
show a high concentration of gamma rays ema-
nating from a region around the center of the
galaxy but, as yet, no variation in emissions
that might indicate the presence of a black hole.
NRL was also active last year in transfer-
ring technology developed at the Laboratory to
private industries for production and marketing.
A cooperative research and development agree-
ment (CRADA) was signed between NRL and
the Virginia Center for Innovative Technology
in Herndon, Virginia. Under the agreement the
Laboratory and the Center will cooperate to
transfer technology developed at NRL to com-
panies in Virginia. In a similar agreement with
the University of Maryland, NRL will cooperate
with the University to transfer technology to
Maryland companies. To date, NRL has signed
~4 CRADAs and 20 patent license agreements.
while the majority of CRADAs are with in-
dustrial firms, several are also with universi-
ties and nonprofit organizations. One of our
licensees has formed a new company to manu-
facture and market an NRI-developed drug
detection system. This company, located in
southern California, employs 30 people, many
of whom formerly worked in the defense industry.




NRL Today

ORGANIZATION AND ADMINISTRATION

The position of NRL within the Navy is
that of a field command under the Chief of
Naval Research.

Heading the Laboratory with joint responsi-
bilities are the naval commanding officer,
CAPT Paul G. Gaffney II, USN, and the civil-
ian director of research, Dr. Timothy Coffey.
Line authority passes from the commanding
officer and the director of research to five asso-
ciate directors of research, an associate director
for strategic planning, and an associate director
for business operations. Research is performed
in the following areas:

General Science and Technology
Warfare Systems and Sensors Research
Materials Science and Component
Technology

Ocean and Atmospheric Science and
Technology

e Naval Center for Space Technology.

Further details of the Laboratory’s organiza-
tion that includes NRL-Stennis Space Center

(NRL-SSC) in Mississippi and NRL-Monterey
(NRL-MRY) in California are given on the
organizational chart appearing in the ‘‘General
Information’’ section. NRL-SSC and NRL-
MRY are the result of a merger with NRL and
the Naval Oceanographic and Atmospheric
Research Laboratory (NOARL) in 1992.

Through FY 93, NRL operated as a De-
fense Business Operating Fund (DBOF) activity.
As a DBOF activity, all costs, including over-
head, were charged to various research projects.
Funding in FY 93 came from the Chief of
Naval Research, the Naval Systems Commands,
and other government agencies, such as the
U.S. Air Force, Advanced Research Projects
Agency, the Department of Energy, and the
National Aeronautics and Space Administration
as well as several nongovernment activities.

PERSONNEL DEVELOPMENT

At the end of FY 93, NRL employed 4079
personnel—42 officers, 74 enlisted, and 3963
civilians. In the research staff, there are 924

NRL headquarters in Washington as viewed from the east
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employees with doctorate degrees, 493 with
masters degrees, and 707 with bachelors de-
grees. The support staff assists the research
staff by providing administrative, computer-
aided designing, machining, fabrication, elec-
tronic construction, publication, personnel
development, information retrieval, large main-
frame computer support, and contracting and
supply management services.

Opportunities for higher education and
other professional training for NRL employees
are available through several programs offered
by the Employee Development Branch. These
programs provide for graduate work leading to
advanced degrees, advanced training, college
course work, short courses, continuing educa-
tion, and career counseling. Graduate students,
in certain cases, may use their NRL research for
thesis material.

For non-NRL employees, several post-
doctoral research programs exist. There are
also cooperative education agreements with sev-
eral universities, summer and part-time employ-
ment programs, and various summer and inter-
change programs for college faculty members,
professional consultants, and employees of other
government agencies.

NRL has active chapters of Women in Sci-
ence and Engineering, Sigma Xi, Toastmaster’s
International, Federally Employed Women,
Inc., and the Federal Executive and Professional
Association. Three computer clubs meet regu-
larly—NRL Microcomputer User’s Group,
NeXT, and Sun NRL Users Groups. An ama-
teur radio club, a drama group (the Showboat-
ers), and several sports clubs are also active.
NRL has a recreation club that provides basket-
ball and softball leagues, swimming, saunas,
whirlpool bath, gymnasium, and weight-room
facilities. The recreation club also offers classes
in martial arts, aerobics, swimming, and water
walking.

A community outreach program at NRL
provides tutoring for local students, science fair
judging, participation in high school and college
career day programs, an art and essay contest
during Black History Month, student tours of
NRL, and an annual holiday party for neighbor-
hood children, with gifts donated by Laboratory
employees. Through this program NRL has
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active partnerships with four District of Colum-
bia public schools.

NRL has an active, growing Credit Union
with assets over $155 million and a membership
numbering over 18,900. Public transportation
to NRL is provided by Metrobus.

For more information, see the NRL Review
chapter entitled, ‘‘Programs for Professional
Development.”’

SCIENTIFIC FACILITIES

In addition to its Washington, DC campus
of about 130 acres and 102 main buildings,
NRL maintains 14 other research sites including
a vessel for fire research and a Flight Support
Detachment. The many diverse scientific and
technological research and support facilities are
described in the following paragraphs.

Research Facilities
® Radar

ERL has gained worldwide renown as the
‘‘birthplace of radar’’ and has maintained its
reputation as a leading center for radar-related
research and development for a half century.

The Radar Division has developed target signature
programs that use surface modeling and graphics
software and hardware to convert geometric shape
data into a form suitable for electromagnetic scatter-
ing calculations. These programs also perform the
electromagnetic calculations, sum the return from

all ship components (e.g., hull, anchor, railing,
vents), and display the geometric model and signa-
ture results.




An impressive array of facilities managed by
NRL’s Radar Division continues to contribute to
this reputation. These include airborne and
laboratory radar cross section measurement
systems; two Ultrahigh-Resolution Inverse Syn-
thetic Aperture Radars (ISAR), one for airborne
installation and the other for shipboard
installation; and a rooftop space-time adaptive
array laboratory. Also, the division manages
and maintains a radar display testbed, an IFF
ground station, a digital signal processing facil-
ity, and a radar cross section prediction facility.
A radar research and development activity is
located at the Chesapeake Bay Detachment
(CBD), Randle Cliffs, Maryland. It has sepa-
rate facilities for specific types of systems that
range from high-frequency, over-the-horizon
systems to millimeter wave radars. The
SENRAD radar testbed, a flexible and versatile
system for demonstrating new developments in
radar, and a point defense radar testbed are also
located at CBD.

¢ Information Technology

The Information Technology Division (ITD)
is at the forefront of DoD research and develop-
ment in artificial intelligence, telecommunica-
tions, computer networking, human computer
interaction, information security, parallel com-
putation, and computer science.

The division maintains local area computer
networks to support its research and hosts test-
beds for advanced high performance fiber optic
network research. The networks make available
to local and remote users hundreds (more than
500 Macintoshes, PCs, and other workstations)
of high performance computers. The ITD
research networks are part of NRL’s internal
network and also connect via T1 lines to the
regional SURAnet, to DISnet, and via ATM/
SONET links to ATDnet, an experimental wide
area network connecting a number of research
organizations in the metropolitan area.

Major shared resources include the systems
and networks available in the division’s Center
for Computational Science, including a 256
processor CM5, 16-k processor CM200
equipped with a 10-gigabyte data vault, dual
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processor Cray Y-MP EL, 1.5-terabyte file
server/archiver, and scientific visualization lab.
The Center manages and operates the NRL local
area network (NICEnet), which includes a new
FDDI network. NICEnet provides external
connections to networks worldwide.

The division facilities also include a Certifi-
cation and Information Security Engineering
Laboratory and an experimental facility with
special displays, eye and gesture trackers, and
speech 1/0 devices for research in human com-
puter interaction.

¢ Optical Sciences

The Optical Sciences Division has a broad
program of basic and applied research in optics
and electro-optics. Areas of concentration in
electro-optics include fiber optics, integrated
optical devices, fiber-optic sensors, high-power
diode lasers, and diode pumped solid-state
lasers. Modern electro-optic sensors such as
infrared focal plane arrays are developed by
NRL as well as signal processors, digital pro-
cessing, computer algorithms, and digitized
background scene imagery to allow computer
augmented sensor design for Naval applications.

Researchers from the Optical Sciences Division have devel-
oped a simple, ultrashort-pulse erbium all-fiber laser suit-
able for integration into fiber systems operating at 1.5 yum
communications wavelength. The figure-eight laser (F8L)
can be applied to high-speed optical communications,
short-pulse optical sensors, and the optical probing of high-
speed electrical circuits. Shown above is the actual F8L
laser (note the quarter in the left foreground corner to
reference for scale).
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The division also maintains a capability to per-
form optical field measurements from ground-
based, water-based, or air-based platforms at
appropriate sites away from NRL. Facilities
include:

Ultralow-Loss, Fiber-Optic Waveguides—
NRL has developed record-setting ultrahigh
transparency infrared waveguides. These fluo-
ride glass materials offer the promise of long-
distance communications without the need of
signal amplification or repeaters.

Focal Plane Evaluation Facility—This
facility has extensive capabilities to measure the
optical and electrical characteristics of infrared
focal plane arrays being developed for advanced
Navy sensors.

IR Missile-Seeker Evaluation Facility—This
facility performs open-loop measurements of the
susceptibilities of infrared tracking sensors to
optical countermeasures.

Large Optic, High-Precision Tracker—NRL
has developed a tracker system with an 80-cm
primary mirror for atmospheric transmission
and target signature measurements. By using a
quadrant detector, the servo system has demon-
strated a 12-mrad tracking accuracy. An optical
correlation tracker system tracks objects without
a beacon.

High-Energy Pulsed Hydrogen Fluoride,
Deuterium Fluoride Laser—NRL has con-
structed a pair of pulsed chemical lasers each
capable of producing up to 30 J of laser energy
at 2.7 to 3.2 mm and 3.8 to 4.5 mm in a 2-ms
pulse. This facility is used to investigate a va-
riety of research areas including stimulated
Brillouin scattering, op:ical phase conjugation,
pulsed laser amplificatiosn, propagation, and
beam combining.

Fiber-Optics Sensors—The development and
fabrication of fiber-optic sensor concepts, in-
cluding acoustic, magnetic, and rate-of-rotation
sensors, are conducted in several facilities with-
in the Laboratory’s Optical Sciences and Acous-
tics Divisions. Equipment includes facilities for
evaluating optical fiber coatings, fiber splicers,
an acoustic test cell, a three-axis magnetic sen-
sor test cell, a rate table, and various computers
for concept analysis.

Digital Processing Facility—This facility is
used to collect, process, analyze, and manipu-
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late infrared data and imagery from several
sources.

Emittance Measurements Facility—NRL
routinely performs measurements of directional
hemispherical reflectance from 2 to 16 mm in
the infrared by using a diffuse gold integrating
sphere and a Fourier Transform Spectrophotom-
eter (FTS). Sample temperatures can be varied
from room temperature to 250°C and incidence
angles from 0° to 60°.

Diode Pumped 2-um Solid-State Lasers—
Two micrometer lasers operate in an eye-safe
region of the optical spectrum, an important
issue for laser use in industry or in cases where
eye damage to the public could be a safety and
liability issue. Research at NRL in the 1980s
had a major role in enabling room temperature
flashlamp and diode pumped lasers. The lamp
pumped lasers have found wide usage in laser
surgery while diode pumped lasers appear lead-
ing candidates for eye-safe laser radars for
aircraft as well as for laser sources to counter
IR missile seekers.

® Electronic Warfare

The scope of research and development at
NRL in the field of electronic warfare covers
the entire electromagnetic spectrum, from basic
technology research, component and subsystem
development to system design and effectiveness

The Tactical Electronic Warfare's Scale Model Analysis
Facility is a compact range established at NRL as a low
cost method of measuring and analyzing the radar cross
section of target platforms using submillimeter waves and
accurate scale models of the target platforms and the
environment




evaluation. Major emphasis is placed on pro-
viding the methods and means to counter enemy
hostile actions in all battle phases, from the
beginning—when enemy forces are mobilized
for an attack—through the final engagement
stages. For this purpose, NRL has constructed
special research and development laboratories,
anechoic chambers, and facilities for modeling
and simulation. NRL has also added extensive
new facilities where scientists can focus on the
coordinated use of all organic defensive and
offensive resources now present in the Fleet.

e Structure of Matter

The Laboratory investigates the atomic ar-
rangements in materials to improve them or
facilitate the development of new substances.
Various diffraction methodologies are used to
make these investigations. Subjects of interest
include the structural and functional aspects of
energy conversion, ion transport, device materi-
als, and physiologically active substances such
as drugs, antibiotics, and antiviral agents.
Theoretical chemistry calculations are used to
complement the structural research. A real-time
graphics system aids in modeling and molecular
dynamics studies.

¢ Chemistry

NRL has been a major center for chemical
research in support of naval operational require-
ments since the late 1920s. The Chemistry
Division continues its tradition with a broad
spectrum of basic and applied research pro-
grams concerned with controlled energy release
(fuels, fire, combustion, countermeasure de-
coys, explosives), surface chemistry (corrosion,
adhesion, tribology, adsorbents, film growth/
etch), advanced polymeric materials (high
strength/low weight structures, drag reduction,
damping, special function), and advanced detec-
tion techniques (environment, chemical/biologi-
cal, surveillance). Facilities for research
include a wide range of the modern photon elec-
tron, magnetic and ion-based spectroscopic/
microscopic techniques for bulk and surface
analysis; multiple facilities for materials synthe-
sis and physical/chemical characterization; a

325-M3 (11,400 ft®) fire research chamber (Fire
1), and a 475-ft ex-USS Shadwell (LSD-15)
advanced fire research ship.

* Materials

NRL has capabilities for X-ray and electron
diffraction analyses and for electron and Auger
spectroscopy. Scanning, transmission, and
combined scanning-transmission electron micro-
scopes are used to study surface and/or internal
microstructures. It has a secondary ion mass
spectrometer for surface analysis that signifi-
cantly extends the diagnostic capability of the
technique. A high-resolution, reverse-geometry
mass spectrometer is used to probe reactions
between ions and molecules. The Laboratory
has a fully equipped fatigue and fracture labora-
tory, a modern vacuum arc melting furnace for
reactive metals, an ultrasonic gas atomization
system for making metal powders, and hot
isostatic press facilities. The Laboratory’s
cryogenic facilities include dilution refrigerators
and superconducting magnetic sensors for meas-
uring ultrasmall magnetic fields. Also available
are two molecular beam epitaxy devices for
growing thin films.

¢ Laboratory for Computational Physics
and Fluid Dynamics

The Laboratory for Computational Physics
and Fluid Dynamics (LCP&FD) is a participant
in the DARPA Touchstone Scalable Parallel
Processing Project. An Intel IPSC/860 Touch-
stone Gamma supercomputer provides the envi-
ronment necessary to develop, debug, and
benchmark parallel simulations. With multi-
MFLOP processors as building blocks, the
computer is configured as a hypercube and is a
MIMD distributed memory machine. This 32-
node machine is expected to attain a computa-
tional speed of several hundred MFLOPS.
Access to the 518-node Touchstone Delta ma-
chine at Cal Tech and the new DoD HPCC
resources is provided through high-bandwidth
network communications.

Four IBM RS/6000 and two DEC AXP
high-capacity workstation class compute server
computers provide LCP&FD with medium- to
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large-scale memory and computational power
enabling the division to perform calculations,
algorithm development, diagnostic, and evolu-
tion postprocessing for large simulations. A 64-
million word Convex C210 currently provides
LCP&FD with medium performance scalar and
vector capability for jobs that require large
amounts of memory.

A high-quality video studio has been cre-
ated using digital recording techniques and
provides the capability to create graphical rep-
resentations of simulation data for analysis and
presentation. Graphical workstations and serv-
ers including IRIS 4D, Sun Microsystems, and
Macintosh are also available.

¢ Condensed Matter and Radiation Sciences

The Condensed Matter and Radiation Sci-
ences Division is the primary Navy center
studying the effects of radiation on material
items including electronic equipment, satellites,
etc., and the condensation of materials (thin
films) on other objects through the use of
charged-particle radiation. The division ap-
proaches these activities from both the theoreti-
cal and applied aspects, including application to
environmental as well as military situations.
The facilities for production and employment of

Shown here is the Condensed Matter and Radiation Sci-
ences Division’s computer-automated pulsed laser deposi-
tion system. This chamber is designed to deposit epitaxial
muitilayers and superiattices of multicomponent materials
such as the high-temperature superconductors and other
electronic ceramics.
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photons, electrons, ions, and hypervelocity pro-
jectiles available to the division include:

High-Powered Microwave (HPM) Facility—
This facility is used to investigate the response
of systems and components to puised high-
power radiation. Effects, susceptibility, and
survivability are the major research areas of
interest. The large anechoic chamber (4.9 m X%
4.9 m X 9.8 m long) can be used for frequen-
cies ranging from 0.6 to 94 GHz.

Laser Facilities—The ultrafast lasers pro-
vide a broad range of capabilities by bringing
together an extensive array of laser sources for
the study of condensed matter interactions.
Pulses of up to several joules are available from
one system, while time resolutions down to 100
femtoseconds are produced by another. Syn-
chronized, Q-switched oscillators are configured
for pump-probe experiments. A range of opti-
cal, laser, and soft X-ray spectroscopes are used
to study nonlinear optical effects, time response,
and laser-target interactions.

Thin Film Preparation Facilities—The
division has several major capabilities for prepa-
ration of thin films of advanced materials, such
as high-temperature superconductors and active
dielectrics. These include ion-assisted evapora-
tion (which produces dense, adherent films),
various dc plasma sources (which can etch as
well as deposit films), and pulsed laser deposi-
tion (for production of chemically complex
films).

X-ray Facility—Laboratory X-ray sources,
monochromators, detectors, and related equip-
ment are available for X-ray energies from 0.7
to 25 keV and the dose rates up to 10° rads/s.

Synchrotron Radiation Facility—Intense,
monochromatic X-ray photon beams, tunable
from 10 eV to 12 keV, are available from the
three beam lines developed by NRL at the
National Synchrotron Light Source at the
Brookhaven National Laboratory. Standard
measurements include X-ray diffraction, absorp-
tion, reflectance, and photoelectron emission.
Environmental target chambers can span a
pressure range from 107!2 to 10° atmospheres
and temperatures from 10 to 1500 K.

60-MeV Electron Linear Accelerator
(LINAC)—The LINAC produces intense electron




beams that are used to study radiation effects on
microelectronics and materials for DoD satellite
and missile programs. It is also used to study
radiation effects on the new, high-critical tem-
perature superconductors.

Ion Implantation Facility—The facility con-
sists of a 200-keV ion implanter with specialized
ultrahigh vacuum chambers and associated in
situ specimen analysis instrumentation. The
facility is used to develop advanced surface
treatments of materials to modify their proper-
ties and improve corrosion and wear resistance.

3-MeV Tandem Van de Graaff—This facil-
ity is used to study charged-particle radiation
damage effects such as occur in space, to per-
form Rutherford backscattering spectroscopy
and nuclear reaction analysis, to provide high-
sensitivity composition depth profiles, and to
perform MeV energy implants in materials.

Hypervelocity Impact Facilities—Three
facilities are used for ballistics research at
speeds exceeding 6 km/s with toxic and explo-
sive targets while measuring projectile velocity,
orientation, and dynamic projectile-target inter-
action.
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¢ Plasma Physics

The Plasma Physics Division is the major
center for in-house Navy and DoD plasma
physics research. The division conducts a broad
experimental and theoretical program in basic
and applied research in plasma physics, which
includes laboratory and space plasmas, pulsed-
power sources, electric mass launchers, intense
electron and ion beams, atomic physics, laser
physics, and numerical simulations. The fa-
cilities include an extremely high-power laser,
Pharos III, for the laboratory simulation of
space plasmas and high-latitude nuclear ex-
plosion effects studies and the electric mass
launcher laboratory to study railgun physics.
The division has developed a variety of pulsed-
power sources to generate electron and ion
beams, powerful discharges, and various types
of radiation. The largest of these pulsers,
GAMBLE 11, is used to study the production of
megampere electron beams and for producing
very hot, high-density plasmas. Other genera-
tors are used to produce particle beams that are
injected into magnetic fields and/or cavities to

Plasma Physics Division’s new facility, the Railgun Electric Launcher (a 1-m long railgun
{front right)) is powered by s 0.5-MJ capacitor bank (rear). The railgun uses electric current
to accelerate a projectile to very high velocities (v > 2 km/s). Applications include antiship
missile defense, antitank weapons, long-range artillery, theater missile defense, and ulti-
mately, space launch.
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generate intense microwave pulses. A charged-
particle-beam (CPB) propagation facility exists
for testing advanced CPB propagation (both
endo- and exoatmospheric) concepts. A 5-MW
generator injects pulses of electron current

into preheated ionization channels to study the
effectiveness of propagation under various
conditions.

e Electronics Science

In addition to specific equipment and facili-
ties to support individual scientific and tech-
nology programs in electronics and electronic-
materials growth and analysis, NRL operates
the Nanoelectronics Processing Facility. The
facility provides services to electronics pro-
grams throughout the Laboratory and to external
organizations. This facility provides support for
NRL programs that require microelectronics
processing skills and equipment. The facility
includes a nanowriter that can be used to fabri-
cate nanoscale (80 A) structures and, in general,
supplies NRL programs with a range of items
from discrete structures and devices to complete
integrated circuits with very large scale integra-
tion (VLSI) complexity based on silicon metal
oxide semiconductors (MOS) submicrometer
technology.

¢ Bio/Molecular Science and Engineering

The Center for Bio/Molecular Science and
Engineering conducts research and develop-
ment using biotechnological approaches to solve
problems for the Navy, the Department of De-
fense, and the nation at large. Problems cur-
rently being addressed include advanced mate-
rial development (for electronic, biomedical,
and structural applications), combat casualty
care, environmental quality (including pollution
cleanup and control), and biological warfare
defense. The approach to these problems in-
volves long-term research focused on the study
of complex materials systems, coupled with
integrated exploratory and advanced develop-
ment programs. The staff of the center is an
interdisciplinary team performing basic and
applied research and development in areas that
require expertise in bio and surface chemistry,
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Scientists in the Electronics Science and Technology Divi-
sion are developing high-temperature superconducting thin
film devices. Here an appiied superconductivity research
team uses computer-aided techniques to measure and
analyze the electrical properties of these devices.

biophysics, genetic engineering, cell biology,
advanced organic synthesis, solid-state and
theoretical physics, and elecironics and materials
engineering. In addition, the center has many
collaborations throughout the Laboratory, at
universities, and in industry to ensure that a
broad base of the required expertise and critical
evaluations are part of the research and develop-
ment programs. Highlights of the program in-
clude the development of liposome-based blood
substitutes, the manipulation of biologically
derived structures on the nanometer scale, the
development of ferroelectric liquid crystal sys-
tems with microsecond response times, discov-
ery of an advanced resist system for high-speed,
high-density integrated circuits, and the pattern-
ing of neuronal cells to form neural networks.

® Acoustics

NRL’s facilities in support of acoustical in-
vestigations are located at the main Laboratory
site; at Stennis Space Center in Bay St. Louis,
Mississippi; and at the Underwater Sound Ref-
erence Detachment (USRD) in Orlando, Flor-
ida. At the main Laboratory site, there are
three research tanks instrumented to study echo
characteristics of targets and to develop devices.
The most significant of the three is located in
the NRL Laboratory for Structural Acoustics in
Building 5, which includes a state-of-the-art
acoustic pool for conducting scale-model scatter-




ing and radiation studies. Capabilities include
near-field acoustic holography for studying
complex 3-D sound fields near a target and the
vibrations of the target itself. NRL has success-
fully produced the first near-field acoustical-
scattered hologram in this facility. Among the
benefits of the holographic capability is that
near-field measurements can be projected to the
far field, and target strengths can be obtained in
any desired direction. In general, the pool
complex permits model studies and demonstra-
tions to be carried out at scales ranging from
about 30:1 to several hundred to one. Projects
involving modeling include, but are not limited
to, target strength, radiation, signature reduc-
tion, classification, and structural acoustics.
Advanced hull sensor technologies can be stud-
ied at any scale. There is also an underwater
acoustic holography facility for research in
acoustic fields and a water tunnel having a large
blow-down channel with a 15-m test section
used for acoustic and flow-induced vibration
studies of towed line arrays and flexible cables.

The division also has several acoustic re-
ceiver array systems used to collect data for
coherent signal processing. The primary system
consists of a 64-element, towed, seismic-type
receiver array with the associated tow cable,
winch, and electrical components. The towed
array component can be replaced with a 64-
element, fixed bottomed array or 64-element
vertical array. There are also two radio tele-
metered, buoyed, acoustic receiver array sys-
tems with 20-element arrays capable of being
vertically or horizontally deployed. All receiver
arrays are interfaced ir o the At-sea Data Acqui-
sition, Recording, and Real-time Processing
System.

The division operates high-frequency (up to
600 kHz) acoustic measurement systems to ob-
tain scattering, target strength, and propagation
data using four large bottom-moored instrumen-
tation towers and a high-speed, remotely oper-
ated vehicle. These data are used to simulate
the performance of weapons and mine counter-
measure sonars in shallow-water environments.
The mid-frequency (30-1000 Hz) towed hori-
zontal array system is used to understand the
three dimensional characteristics of the acoustic
ambient noise field; these measurements are

The Large Acoustic Tank is the core research capability for
structural acoustics studies undertaken by the Acoustics
Division. The steel cylindrical tank is 55 feet in diameter,
50 feet deep, and contains 800,000 gallons of deionized
water. The entire tank is vibration and temperature iso-
lated. This unique laboratory is also instrumented with pre-
cise measurement systems that includes large workspace
in-water robotic scanners capable of generating Nearfield
Acoustic Holography radiation and scattering databases.

used to develop tactics and advanced systems to
exploit these characteristics. An acoustic simu-
lation capability plus a dedicated laboratory
based on multiple workstations that are linked to
the NRL CM-5/200, Cray Y-MP EL, and na-
tional high-performance computer facilities pro-
vides benchmark simulations of acoustic perfor-
mance based on high-resolution oceanographic
and atmospheric environmental information.

® Remote Sensing

The Remote Sensing Division conducts a
program of basic research, science, and applica-
tions to develop new concepts for sensors and
imaging systems for objects and targets on the
Earth and in the near-Earth environment, as
well as in deep space. The research, both
theoretical and experimental, leads to discover-
ing and understanding the basic physical princi-
ples and mechanisms that give rise to the back-
ground environmental emissions and targets of
interest and to absorption and emission mecha-
nisms of the intervening medium. Accomplish-
ing this research requires the development of
sensor systems technology. The development
effort includes active and passive sensor systems
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used for the study and analysis of the physical
characteristics of phenomena that evolve from
naturally occurring background radiation, such
as that caused by the Earth’s atmosphere and
oceans and man-made or induced phenomena,
such as ship/submarine hydrodynamic effects.
The research includes theory, laboratory, and
field experiments leading to ground-based,
airborne, or space systems for use in remote
sensing, astrometry, astrophysics, surveillance,
nonacoustic ASW, improved meteorological/
oceanographic support systems for the oper-
ational Navy, and the environmental/global
climate change initiatives. Special emphasis is
given to developing space-based platforms and
exploiting existing space systems.

® Oceanography

The Oceanography Division is the major
center for in-house Navy research and develop-
ment in oceanography. It is known nationally
and internationally for its unique combination of
theoretical, numerical, and experimental ap-
proaches to oceanographic problems. Theoreti-
cal research makes extensive use of the Maury
Oceanographic Library (jointly operated by
NRL-Stennis Space Center (NRL-SSC) and the

NRL-SSC’s researchers tested two new acoustic meas-
urement systems —the Digital Acquisition Buoy System
{NDABS) and the Digital Acquisition Buoy System
(ADABS)—on the USNS Bartlett, a research vessel oper-
ated by the Naval Oceanographic Office at Stennis Space
Center. Both systems are used to measure ocean acoustic
data. The difference between the systems is that NDABS
uses fiber-optic cables for the telemetry data. Shown here
are researchers from the Oceanography Division as they
attach recorders to NDABS for field testing.
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Naval Oceanographic Office), which is recog-
nized as one of the best and most comprehen-
sive oceanographic libraries in the world. The
division numerically models the ocean and
coastal areas of the world. This modeling is
conducted on the Navy’s and DoD’s most pow-
erful vector and parallel processing machines.
To study the results of this intense modeling
effort, the division operates a number of highly
sophisticated graphic systems to visualize ocean
and coastal dynamic processes. The seagoing
experimental programs of the division are par-
ticularly well supported. Unique measurement
systems include towed sensor and advanced
microstructure profiler systems for studying
micro- and fine-scale ocean structure. The divi-
sion uses a number of self-contained, multi-
channel in situ recording systems for acoustic
and oceanographic measurements. The divi-
sion deploys an integrated absorption {cavity
and optical profiler system for studying ocean
optical characteristics. In the laboratory, the
division operates an environmental scanning
electron microscope for detailed studies of bio-
corrosion in naval materials.

e Marine Geosciences

The Marine Geosciences Division is the ma-
jor center for in-house Navy research and devel-
opment in marine geology, geophysics, geo-
acoustics, and geotechnology. It is also the
Navy’s lead activity for mapping, charting, and
geodesy research and development. The divi-
sion has acquired unique instrumentation suites
for its studies of the seafloor and its subbottom.
These include side-scan sonar systems; deep-
towed, low-frequency acoustic reflection sys-
tems; parametric acoustic swath subbottom map-
ping systems; remotely operated vehicles; and
electromagnetic mapping sensors. These sys-
tems allow studies ranging from sediment classi-
fication to mapping of inclusions and changes in
the seafloor subbottom structure. The division
deploys ocean bottom and subbottom seismome-
ter systems for use in studies ranging from tec-
tonic noise to studies of whale migration. Spe-
cialized seafloor probes allow measurement of
the water pressure in sediment pores and acous-
tic compression and shear wave velocity and
attenuation. Laboratory equipment includes a




transmission electron microscope with an envi-
ronmental cell to carry out sediment-fabric and
sediment-pollution adsorption studies. The Map
Data Formatting Facility, a collection of com-
puters and work stations with associated graph-
ics manipulation software, is used to compress
map information onto compact disk read-only
memory for Navy and Marine Corps aircraft
digital moving maps. The division also operates
the NRL Magnetic Observatory at SSC. This
facility includes two specially built wood build-
ings with minimal ferrous content and arrays of
magnetometers that extend radially from the
building. The Magnetic Observatory measures
the ambient magnetic field, its changes, and
other magnetic phenomena. The Observatory is
part of a worldwide observing system. In addi-
tion to in-house laboratory work, the division
incorporates the Chief of Naval Operations
(CNO) sponsored Tactical Oceanographic War-
fare Support Program Office, which develops
high-resolution atmospheric, oceanographic and
bathymetric instrumentation systems, and meas-
urement techniques in support of CNO endorsed
requirements.

THE NAVAL RESEARCH LABORATORY

* Marine Meteorology

The Marine Meteorology Division is located
in Monterey, California. NRL-Monterey (NRL-
MRY) performs both basic and applied research
in meteorology, in applications relevant to both
central-site and shipboard meteorological analy-
sis and forecasts. Located adjacent to the Fleet
Numerical Oceanography Center (FNOC), the
Navy’s operational forecast center, NRL-MRY
has developed both the global and regional fore-
cast systems that are run at FNOC and that pro-
vide worldwide Navy forecasts. NRL-MRY is
also the technical direction agent for TESS(3),

a minicomputer-based environmental diagnosis/
forecast system designed for shipboard use.
Advanced technologies in use include satellite
meteorology, advanced numerical techniques,
and artificial intelligence.

® Space Science
NRL is the Navy’s main laboratory for con-

ducting basic research and development in the
space sciences. The Space Science Division has

The Marine Meteorology Division’s Computing Facility includes a data retrieval
system and visualization laboratory. The facility retrieves data from the Fleet
Numerical Meteorology and Oceanography Center daily and prepares data sets for
various research projects. The graphics capability of the facility provides opportu-
nities for satellite rasearchers to perform multichannel image manipulation tasks,
and for numerical modelers to perform graphical model diagnoses. Also, the facility
provides the developmental syster:: hardware/software platform for the Tactical

Environmental Support System project.
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a number of commitments for space experiments
in the areas of upper atmospheric, solar, and
astronomical research aboard NASA, DoD, and
other space projects. Division scientists are
involved in major research thrusts that include
ultraviolet remote sensing of the upper atmo-
sphere, studies of the solar atmosphere by using
spectrographic techniques, and studies of astro-
nomical radiation ranging from the ultraviolet
through cosmic rays. This includes the mission
operations and data analysis facilities for NRL’s
OSSE experiment on NASA’s Compton Obser-
vatory. The division maintains facilities to de-
sign, construct, assemble, and calibrate space
experiments. A network of VAX computers,
super minicomputers, image processing hard-
ware, a PDS microdensitometer, and Cray and
Connection Machine accesses are used to ana-
lyze and interpret space data. The division also
operates the BMDO Backgrounds Data Center,
which is a repository and analysis center for
experimental data pertaining to natural back-
grounds.

e Space Technology
In its role as a center of excellence for

space systems research, the Naval Center for
Space Technology (NCST) designs, builds, ana-
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Researcher from the Spacecraft Engineering
Department checks over the Deep Space
Program Science Experiment spacecraft,
called Clementine, before in-house testing
begins at NRL's Payload Checkout Facility.
Clementine was designed by NRL to carry the
small, lightweight ultraviolet, visible, and
infrared (IR) sensors. Clementine will achieve
lunar orbit through a series of transfer loops
and will spend approximately two months in
two different lunar orbits. During this time, it
will map the entire surface of the moon in
visible and near-IR spectrums, before travel-
ling on to fly by the near-Earth asteriod, Geo-
graphos.

lyzes, tests, and operates spacecraft, as well as
identifies and conducts promising research to
improve spacecraft and their support systems.
NCST facilities that support this work include
large and small anechoic radio frequency cham-
bers, clean rooms, shock and vibration facili-
ties, an acoustic reverberation chamber, large
and small thermal/vacuum test chambers, con-
trol system interaction laboratory, satellite com-
mand and control ground stations, fuels test
facility, and modal analysis test facilities.
NCST has a facility for long-term testing of
satellite clock time/frequency standards under
thermal/vacuum conditions linked to the Naval
Observatory; a 5-m optical bench laser labora-
tory; and a hologram research laboratory to
conduct research in support of the development
of space systems. '

Research Support Facilities
¢ Technical Information Services

The Ruth H. Hooker Research Library
and Technical Information Center contains
more than one million items, including current
journals. Its collections can be searched by
computer-based catalogs. The Library also
provides interlibrary loans, on-line literature
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The Technical Information Division hus just completed a
new multiformat video editing suite. Built around a highly
versatile video production switcher, the system combines
video and audio switching with two channels of real-time
digital effects and time code editing.

searches, access to CD-ROM databases, ioans
of microcomputer software and laptops, and a
full range of reference services, including assis-
tance in selecting and using microcomputer soft-
ware. Library resources that include an online
catalog, a number of CD-ROM databases, and
INTERNET can be accessed from offices and
laboratories through the InfoNet campus-wide
information system.

Publication services include writing, edit-
ing, composition, phototypesetting, and publica-
tions consultation. The primary focus is on
using computer-assisted publishing technology
to produce scientific and technical information
containing complex artwork, equations, and
tabular material. .

The research conducted at NRL requires a
diversity of graphic support, such as technical
and scientific illustrations, computer graphics,
design services, photographic composites, cal-
ligraphy, display panels, sign making, and fram-
ing. A high-end workstation provides and
delivers a new level of electronic airbrushing
and photographic retouching.

Photographic services include high-speed
motion picture, video, and still-camera coverage
for data documentation both at NRL and in the
field. A photographic laboratory offers custom
processing and printing of black and white and
color films. Photographic images can also be
captured with state-of-the-art digital cameras and
still video. Video services include producing
video reports of scientific and technical pro-
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grams. A video studio and editing facility with
3/4 in. and VHS editing equipment support
video production.

The Electronic Imaging Center offers high-
quality output from computer-generated files in
PostScript, PICT, TIFF, and DICOMED DDC
formats. The Imaginator film recorder produces
high-resolution 35-mm slides, viewgraphs, and
negatives. Photographic-quality color prints
and viewgraphs are available from the Kodak
XL7700. The Canon CLC500 scans color
photographs to a Macintosh or PC disk. The
Linotron Imagesetter produces gray-scale prints
and transparencies at 1293 dpi.

¢ Center for Computational Science

The Center for Computational Science
(CCS) conducts research and development to
further the advancement of computing and
communications systems to solve Navy prob-
lems. Promising technologies are transitioned
to production systems. The CCS operates and
maintains computer systems and networks that
provide support for NRL, Navy, and DoD
research. The CCS features two Connection
Machines (massively parallel computer sys-
tems), a 16-k processor CM200 equipped with
a 10-gigabyte data vault and a 256 processor
CMS. These leading edge systems are being
investigated and developed by the CCS. The
CCS also provides a dual processor Cray
Y-MP EL for production level support of vec-
tor computing.

The CCS supplies lab-wide data storage
support with NRL’s File Server/Archiver
(FS/A) system. The FS/A provides 69 giga-
bytes of online storage and 1.5 terabytes of
nearline storage featuring advanced robotics
from Storage Technology in an automated tape
cartridge system.

The CCS Visualization Lab functions as an
information center, video production unit, and
training center for the latest tools in scientific
visualization. Using powerful workstations,
researchers can turn the results of their compu-
tations into color prints, 35-mm slides, or video
tapes. The Visualization Lab also provides
assistance and training in workstation system
administration.
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The CCS facilities are accessed through
NRL'’s local area network NICEnet, which
includes a new local FDDI network. NICEnet
provides external connections to network and
computer systems worldwide. Dial-in modem
access is also available.

FIELD STATIONS

NRL has acquired or made arrangements
over the years to use a number of major sites
and facilities for research. The largest facility
is located at the Stennis Space Center (SSC) in
Bay St. Louis, Mississippi. Others include a
facility at the Naval Postgraduate School in
Monterey, California, the Chesapeake Bay
Detachme:t (CBD) in Maryland, and the Under-
water Sound Reference Detachment (USRD) in
Orlando, Fiorida. Additional sites are located
in Maryland, Virginia, Alabama, and Florida.

* Flight Support Detachment (NRL FSD)

Located at the Patuxent River Naval Air
Station in Lexington Park, Maryland, NRL FSD
operates and maintains five uniquely modified
P-3 Orion turboprop aircraft that are used as
airborne research platforms. With the decom-
missioning of Oceanographic Development
Squadron 8 (VXN-8) in September 1993, NRL
FSD acquired not only two new P-3s but also
two additional missions as well. Project Mag-
net measures and maps the Earth’s magnetic

One of the P-3 Orion aircraft at NRL FSD. These aircraft
are unique in that they serve as readily modifiable research
platforms to meet a variety of research assignments.
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variation, while Project Birdseye conducts
hydroacoustic research. NRL FSD’s aircraft
operate worldwide on extended deployment and
annually log more than 2500 flight hours.
These aircraft are the sole airborne platforms
for numerous projects such as bathymetry, elec-
tronic countermeasures, gravity mapping, and
radar development research. The detachment
has a flawless safety record, having amassed
more than 47,000 hours of accident-free flying
over a 30-year period.

¢ Chesapeake Bay Detachment (CBD)

CBD occupies a 168-acre site near Chesa-
peake Beach, Maryland, and provides facilities
and support services for research in radar, elec-
tronic warfare, optical devices, materials, com-
munications, and fire research. Because of its
location high above the Chesapeake Bay on the
western shore, unique experiments can be per-
formed in conjunction with the Tilghman Island
site 16 km across the bay from CBD. Some of
these experiments include low clutter and gener-
ally low background radar measurements. By
using CBD’s support vessels, experiments are
performed that involve dispensing chaff over
water and radar target characterizations of
aircraft and ships. Basic research is also con-
ducted in radar antenna properties, testing of
radar remote sensing concepts, use of radar to
sensor ocean waves, and laser propagation.
CBD also hosts facilities of the Navy Technol-
ogy Center for Safety and Survivability, which
conducts fire research on simulated carrier,
surface, and submarine platforms.

¢ Underwater Sound Reference Detachment
(USRD)

Located at Orlando, Florida, USRD func-
tions as a link in the traceability of underwater
sound measurements to the National Institute of
Standards and Technology and also performs
R&D for sonar transducers and related acoustic
materials. Its semitropical climate and clear,
quiet 1 .es (nearly circular and 11-m deep) is a
distinct asset to its research and development on
sonar transducers and underwater reference
standards and to its improvement of techniques




to calibrate, test, and evaluate underwater
acoustic devices. USRD has two large, high-
pressure tanks for simulating ocean depths to
approximately 700 m and 2100 m. Smaller
pressure tanks simulate depths to approximately
7000 m. A spring-fed lake, located in a remote
area about 40 miles north of USRD (the Lees-
burg Facility), provides a natural tank for water
depths to 52 m with an ambient noise level 10
dB below that for sea state zero; larger objects
can be calibrated here. A conical shock tube
(15-cm muzzle) simulates 60 1b of high explo-
sive at a range of 20 ft for shock testing small
sonar transducers. The detachment provides
acoustic equipment and calibration services not
only to hundreds of Navy activities and their
contractors but also to private firms and univer-
sities not engaged in DoD contracts.

® Marine Corrosion Test Facility

Located on Fleming Key at Key West, Flor-
ida, this facility offers an ocean-air environment
and clear, unpolluted, flowing seawater for
studies of environmental effects on materials.
Equipment is available for experiments involv-
ing weathering, general corrosion, fouling, and
electrochemical phenomena, as well as coatings,
cathodic protection devices, and other means to
combat environmental degradation.

® Naval Research Laboratory-Stennis
Space Center (NRL-SSC)

NRL-SSC, a tenant activity at NASA’s
Stennis Space Center (SSC) is located in the
southwest corner of Mississippi about 50 miles
northeast of New Orleans, Louisiana, and 20

USRD’s newest acoustic measurement
tank is capable of testing transducers or
materials to 3000 psi at temperatures
from 2° to 40°C

miles from the Mississippi Gulf Coast. SSC
encompasses over 200 square miles of land area
including a perimeter buffer zone to insulate
surrounding civilian communities from the noise
of rocket engine testing by NASA. Other Navy
tenants at SSC include the Commander, Naval
Meteorology and Oceanography Command, and
the Naval Oceanographic Office, who are major
operational users of the oceanographic and
atmospheric research and development per-
formed by NRL. The Naval Oceanographic
Office provides access for NRL researchers to
one of the Navy’s largest supercomputers. This
unique concentration of operational and research
oceanographers makes SSC the center of naval
oceanography and the largest such grouping in
the Western world.

NRL-SSC provides administrative and
business operations support for NRL’s Center
for Environmental Acoustics, Remote Sensing
Applications Branch, Oceanography Division,
and Marine Geosciences Division. NRL-SSC
occupies over 200,000 square feet of research,
computation, laboratory, administrative, ware-
house, and other facilities at SSC. Facilities
include a number of large antennas to receive
available oceanographic and meteorological
satellite data, a Magnetic Observatory building
constructed of nonferrous materials in an elec-
tromagnetically quiet area of SSC, a Pattern
Analysis Laboratory, a Map Data Formatting
Facility, a water-wave channel, and numerous
laboratories for acoustic and oceanographic
computation, instrumentation, analysis, and
testing. Special areas are available for construc-
tion, staging, refurbishment, and storage of
seagoing equipment.
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® Marine Meteorology Division
Monterey, California (NRL-MRY)

Located in Monterey, California, as a ten-
ant activity of the Naval Postgraduate School
(NPS), this facility is collocated with the Fleet
Numerical Meteorology and Oceanography
Center (FNMOC) to support development and
upgrades of numerical atmospheric forecast
systems and related user products. NRL-
MRY'’s mission has broadened considerably to
include basic research and support to other
customers. Collocation with FNMOC allows
NRL-MRY access to the Navy’s largest vector
supercomputer mainframe and workstation re-
sources. This access provides real time as well
as archived global atmospheric and oceano-
graphic databases for research on-site and at
other NRL locations. Interfaces to the Defense
Research and Engineering Network at FNMOC
and Defense Simulation Internet at NPS have
been established.

NRL-MRY’s experience extends to proto-
type regional and shipboard atmospheric predic-
tion systems. A third generation Navy system,
the Tactical Environmental Support System
(TESS(3)), developed for SPAWAR, is installed
and has undergone various upgrades on-site to
provide networking capabilities in line with the
Copernicus architecture and remote workstation
access. TESS(3) is functioning as an R&D
testbed for new tactical/environmental decision
aids (TDAS/EDAs), object oriented databases
and Motif/X windows user interfaces. State-of-
the-art graphics workstations (SGIs), network
fileservers (SUNs) and TAC 3 (HP) systems
have been acquired for use by researchers.
Environmental components of future systems are
being developed within a system rooted in
commercially available distributed database
management software. This system, the Naval
Environmental Operational Nowcasting System
(NEONS), creates an environment that allows
new products for weather and ocean forecasters
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to be developed by blending satellite and con-
ventional data. Both orbiting and geostationary
data receivers are located at NRL-MRY.

e Other Sites

Some field sites have been chosen primarily
because they provide favorable conditions to
operate specific antennas and electronic subsys-
tems and are close to NRL’s main site. Mary-
land Point, south of NRL, operates two radio
telescopes (25.6 and 26 m in diameter) for radio
astronomy research. Pomonkey, a field site
south of NRL, has a free-space antenna range to
develop and test a variety of antennas. The
antenna model measurement range in Brandy-
wine, Maryland, has a 4.6-m diameter turntable
in the center of a 305-m diameter ground plane
for conducting measurements on scale-model
shipboard and other antenna designs.

¢ Midway Research Center

The Midway Research Center (MRC), is
located on a 158-acre site in Stafford County,
Virginia. Located adjacent to the Quantico
Marine Corps’ Combat Development Com-
mand, the MRC has 10,000 ft? of operations
and administration area and three precision
18.5-m diameter parabolic antennas housed in
100-ft radomes. The MRC, under the auspices
of the Naval Center for Space Technology, pro-
vides NRL with state-of-the-art facilities dedi-
cated solely to space-related applications in
Naval communications, navigation, and basic
research.

® Research Platforms

Mobile research platforms contribute greatly
to NRL’s research. These include five P-3
Orion turboprop aircraft and one ship, the ex-
USS Shadwell (LSD-15) birthed in Mobile Bay,
Alabama. The Shadwell is used for research on
fire suppression techniques onboard ship.




NRL in the Future

To continue its growth and provide preemi-
nent research for tomorrow’s Navy, NRL must
maintain and upgrade its scientific and techno-
logical facilities at the forefront. Its physical
plant to house these facilities must also be ade-
quate. NRL has embarked on a Corporate
Facilities Investment Plan to renew its physical
plant. This plan and future facility plans are
described below.

THE CORPORATE FACILITIES
INVESTMENT PLAN (CFIP)

The CFIP is a financial spending plan to
provide modern research facilities at NRL by
the year 2000. The plan calls for both Congres-
sional and Laboratory investment and is updated
and altered as changes occur in scientific em-
phasis and Congressional attitude. Over the
past several years, Congressionally approved
military construction (MILCON) funds were
used to construct the new Electro-Optics Labo-
ratory. Funds have also been approved for a
small addition to NRL’s Naval Center for Space
Technology facilities, and funds have been
requested for the construction of a new building
for nanoscience research.

In the past years, NRL’s overhead funds
have been used to renovate laboratory and
support areas in several existing buildings.
Most noteworthy is the renovation of laboratory
space for remote sensing and biomolecular
science and engineering. The main facility for
spacecraft fabrication and certification was
upgraded to ensure structural soundness and
enable more modern internal working areas.

e Radar

The Radar Division and the Naval Center
for Space Technology have jointly established a
new microwave test facility located in Building
A-59. This compact range facility will allow
test and evaluation of antennas and radar tar-
gets over a frequency range of 1 to 100 GHz.
Presently, measurement equipment is being

upgraded. The indoor range and supporting
laboratories occupy approximately 6000 ft? of
space. Test objects up to 8-ft diameter can be
accommodated. This facility obviates the need
for an outdoor test range several thousand feet
in length, achieving far-field radiation con-
ditions from a large, prime focus, parabolic
reflector.

¢ Optical Sciences

In mid FY 93, approximately 120 scientists
and engineers from the Optical Sciences Divi-
sion began occupancy of Building 216, the
second phase of the Electro-Optics Research
Laboratory (MILCON Project P-115). This
facility is a 50,000-ft> addition to the existing
Building 215. This move allows Buildings 12
and 30 to begin renovation under the NRL CFIP
and replaces obsolete silica glass facilities with
state-of-the-art facilities. It also allows the
work in the areas of fiber optics, integrated
optics, optical information processing, and in-
frared sensors to be pursued under one roof.
Spaces are provided that were specially designed
for modeling, testing, and checkout of sensors
and components of optical systems in Buildings
215, 216, and/or the adjacent Building A-50.

¢ Long-Line Hydrophone Calibrator
Facility

A major facility for the acoustic evaluation
of towed arrays and other line arrays of hydro-
phones will be operational at the Underwater
Sound Reference Detachment (USRD) in 1995.
This facility will contain a 57-m long water-
filled pipe that can be temperature and pressure
controlled to simulate ocean environmental con-
ditions. Piezoceramic projectors distributed in
the pipe will ensonify an enclosed line array or
module up to 48 m long with well-controlled
sound fields that provide full through-the-
beamformer calibration. The calibrator will be
housed in a new building located at the USRD
Leesburg Facility.

a1
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¢ Plasma Physics

A major 2-kJ KrF-laser facility will be
established in the Plasma Physics Division by
the end of FY 94. This facility is being initi-
ated to provide intense radiation for studying
inertial confinement fusion target heating at
short wavelengths. A large-volume (2-m diame-
ter by 5-m long) space chamber facility is oper-
ational to conduct space plasma physics research
in the laboratory. A uniform axial magnetic
field up to 1 kG and adjustable plasma density
and temperature allow great flexibility to study
laboratory simulation of space phenomena under
controlled conditions.

¢ Electronics Science and Technology

Important division emphasis is focused on
the continual upgrading of the Nanoelectronics
Processing Facility and expanding activities in
the nanoelectronics physics and vacuum elec-
tronics programs. Renovation of a new pent-
house facility in Building 208 is planned for
FY 94. This facility will consolidate and up-
grade existing facilities for processing III-V
semiconductor material devices in addition to
serving the research needs of individual scien-
tists within the division.

o Center for Bio/Molecular Science
and Engineering

In January 1993 renovations began of
Building 30 to accommodate the growing and
diverse research programs of the Center for
Bio/Molecular Science and Engineering. When
completed, the center will have over 28,000 ft2
of modern laboratory and office space. These
facilities will include laboratories for biochemis-
try, organic synthesis, surface chemistry, and
spectroscopy. Specialized facilities will include
controlled-environment rooms, an advanced
computer graphics laboratory, electron and
scanning microprobe laboratories, and a sub-
micron and nanostructure fabrication and char-
acterization laboratory. Ample space is pro-
vided in which the center’s interdisciplinary
staff can meet and discuss joint projects. Reno-
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vations are expected to be complete in the third
quarter of FY 94,

® QOcean Acoustics Research Laboratory

NRL’s Ocean Acoustics Research Labora-
tory (MILCON Project P-006), a 62,000-ft?
building, will place 90% of NRL-SSC in one
closely located area. This project will provide
secure laboratory and computing facilities for
research and development in underwater acous-
tics and in mapping, charting, and geodesy.
Completion and occupancy should occur in
FY 96.

® Vacuum Ultraviolet Space Instrument
Test Facility

The Space Science Division recently com-
pleted a new solar instrument test facility in
Building A-13. The new facility is designed to
satisfy the rigorous contamination requirements
of state-of-the-art solar spaceflight instruments.
The facility has a 400-ft> Class 10 clean room
specifically constructed to have low outgassing.
The facility also houses the Solar Coronagraph
Optical Test CHamber (SCOTCH). This com-
pletely dry-pumped, 550-ft> vacuum chamber is
maintained at synchrotron levels of cleanliness.
Solar instrumentation up to 1 m in diameter and
5 m in length can be physically accommodated
in the vacuum tank. The instrument optical
performance tests are executed utilizing a vari-
ety of sources mounted on a 1-m diameter,
11-m long evacuated beamline. The chamber’s
ultimate pressure is 8 X 10~° Torr; typical
operating pressures with spaceflight instrumenta-
tion under test are ~ 1076 Torr. The facility
also has a small thermal bake/vacuum test
chamber utilized for vacuum conditioning and
thermal testing of spaceflight components and
subassemblies. Both the SCOTCH and the
small test chamber are instrumented with tem-
perature controlled quartz crystal monitors and
residual gas analyzers for real-time, quantitative
measurements of volatile contamination. The
facility is currently used for the assembly and
optical test of the Large Angle Spectrometric
Coronagraph instrument for the European Space




Agency’s Solar and Heliospheric Observatory
spacecraft.

REHABILITATION OF SCIENTIFIC
FACILITIES

Specialized facilities are being installed or
upgraded in several of the research and support
divisions.

¢ Flight Support Detachment

NRL'’s Flight Support Detachment (FSD)
added two aircraft to its inventory in FY 94.
Aircraft Bureau numbers 154587 and 158277
were previously assigned to Oceanographic
Development Squadron 8 (VXN-8) prior to its
decomissioning. Aircraft 154589 has completed
its research modification and is awaiting final
certification. Aircraft 149674 was upgraded
with more powerful engines. Finally three of
FSD aircraft will undergo navigation and com-
munication upgrades starting in May 1994.
These additions, modifications, and upgrades
will ensure that NRL will have the finest air-
borne research capabilities well into the next
century.

¢ Radar

The Radar Division has installed a com-
puter aided engineering (CAE) facility to aid in
digital system design. The system has full-color
graphics workstations to provide capabilities for
circuit design and simulation and printed circuit
board layout. The facility has been used to
design systems based on commercially available
components as well as advanced systems incor-
porating VHSIC and gate array technologies. It
has proven to be a valuable tool in evaluating
new technologies for radar signal-processing
requirements. The facility includes Sun work-
stations and IDAS software, which allows de-
signs to be modeled and simulated at the system
level. VHDL (VHSIC Hardware Description
Language) software has been acquired for the
workstations. This provides designers with an
integrated toolset to model and simulate their
designs from the system level down to the de-
vice level.
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¢ Information Technology

The Information Technology Division con-
tinues to upgrade its local area network and
research into high-performance network testbeds
including ATM/SONET technology. The 256
processors with 32 Mb of memory in ARPA’s
CMS operated at NRL will be replaced by
newer, more capable SuperSparc processors
with 128 Mb of memory per processor during
the 1994 time frame. The need for additional
facilities to supplement research in virtual envi-
ronments and Global Grid demonstrations will
lead to gradual development of a demonstra-
tion/VR and conference center in Building 34.
An upgrade for the Human-Computer Inter-
action Laboratory will integrate and enhance its
video and audio presentation and recording
capabilities.

e Materials Science and Technology

Renovation is in progress for Building 3,
which is made up of two of the original five
buildings at NRL, to contain modern labor-
atories for studies of thin-film deposition and
characterization, superconducting materials,
magnetic materials, and other materials science
projects. The new space will feature the most
modern molecular beam epitaxy and other mate-
rials synthesis and processing equipment, an
up-to-date fatigue and fracture laboratory and
state-of-the-art diagnostic equipment including
electron microscopes, spectrometers, and elec-
tron and X-ray diffraction equipment. The
renovated building will also contain office and
laboratory space for approximately 70 technical
personnel.

¢ Plasma Physics

A state-of-the-art short-pulse (<1 ps) high-
intensity (> 1 TW) Table-Top Terawatt (T°)
laser has been procured for a variety of physics
studies. The T° laser will be integrated into the
Pharos II Nd-laser facility to boost its power
into the 10 to 100 TW range. This will provide
a facility to do fundamental physics experiments
in intense laser-plasma interactions and intense
laser-electron beam interactions.
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A low-frequency (300 MHz to 10 GHz),
high-power microwave facility, which uses a
relativistic klystron concept, is being upgraded
to produce multigigawatt coherent radiation
pulses. A new laser facility is also planned.

It will use a powerful KrF laser and a target
chamber to conduct inertial confinement fusion
research.

A new electric mass launcher facility has
been established to investigate the evolution of
the plasma armature in a high-velocity railgun.
This facility is being upgraded to accelerate
larger masses ( ~ 200 g) by using a 4-m long,
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2.5-cm bore railgun powered by a 5-MJ capaci-
tor bank.

¢ Electronics Science and Technology

In a move to further meet existing safety
standards, potentially hazardous III-V semicon-
ductor processes and associated chemicals will
be moved to the new penthouse facility in Build-
ing 208. This facility employs a single-pass
air-ventilation system to minimize hazards to
personnel.




Highlights of NRL Research in 1993

Fiber Bragg Reflectors Fabricated In-line During Fiber Draw
Optical Sciences Division

This work was motivated by the requirements of Smart Structure technology for dense, distributed
sensing. It was recognized that these needs might best be met by arrays of Bragg reflectors placed
along a few fibers, interrogated by the least possible instrumentation. Arrays of fiber Bragg gratings
(FBGs) have been rapidly generated in a single-mode optical fiber as it was produced on the NRL
silica draw tower. More than 450 grating elements were written in 1 hour at rates as high as three
elements per second and in arrays sequenced in Bragg wavelength. The resultant array-bearing fiber
did not suffer surface degradation and does not incorporate the numerous splices inherent in older
techniques. This new technique uses the single-pulse method of grating writing developed at NRL to
generate grating elements in the freshly drawn fiber soon after it emerges from the draw furnace and
immediately before the protective coating is applied.

*kXk

The Fiber-Optic Magnetic Array System (MARS)
Optical Sciences Division

Fiber-optic sensors have been developed for detecting acoustic, magnetic, and electric fields;
temperature and strain; and a variety of other parameters of Navy interest. These sensors have been
incorporated into the fiber-optic Magnetic Array System (MARS). Development of this system
culminated in the deployment of an underwater array of fiber-optic magnetometers off the coast of
Norway in June 1993. This was the first demonstration of fiber-optic technology in undersea magnetic
sensing. MARS will remain in operation for about 1 year, gathering data on the magnetic signatures
of vessels and on fluctuations in Earth’s magnetic field. The MARS program is a joint cooperative
research and development effort between the United States and Norway to develop a fiber-optic
undersea magnetic sensor system.

*kk

Single Molecule Recognition By Proximal Probes
Chemistry Division

The development of the atomic force microscope makes it possible to measure forces as small as 10
Newtons between areas of contact as small as 100 nm?. This is equivalent to measuring the binding
interaction between two hydrogen bonds. By using this measuring capability, a single-molecule sensor
can be developed based on detecting molecules by directly measuring their molecular recognition
interaction. The interaction force between an antigen and an antibody, each affixed to its own surface,
was measured by changing the distance between the surfaces, the interaction force varying inversely
with the number of sites on the antibody already occupied by an antigen. The development of sensors
capable of single-molecule recognition will provide the Navy with a reliable technique to defend
against chemical and biological agents.
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Structural Origins of Magnetic Anisotropy in
Amorphous ThFe Magnetic Thin Films
Materials Science and Technology Division

Amorphous TbFe thin magnetic films have perpendicular magnetic anisotropy. Recent NRL
experiments using extended X-ray absorption fine structure measurements show that the origin lies in
the structural anisotropy developed in the films during growth. By using X-ray fine structure
measurements, division scientists have obtained clear evidence for structural anisotropy in amorphous
sputter-deposited TbFe films exhibiting perpendicular magnetic anisotropy. Modeling of the data
suggests that perpendicular anisotropy in these films is associated with Fe-Fe and Tb-Tb pair
correlations, which are greater in-plane, and Tb-Fe correlations, which are greater perpendicular to
the film plane. Upon annealing at 300°C, the measured structural anisotropy disappears and the
magnetic anisotropy decreases to a level consistent with magnetostrictive interaction between the film
and the substrate.

Kkk

Proximal-Probe-Based Fabrication of Semiconductor Nanostructure
Electronics Science and Technology Division

The potential for atomic-level manipulation of matter with the scanning tunneling microscope (STM)
has spurred interest in the use of proximal probes as a nanofabrication tool. Controlled positioning of
single adsorbate atoms on metallic surfaces has been accomplished. However, the ability to manipu-
late these atoms on a surface is difficult. This is particularly true for transferring a written pattern
into a useable metallic or semiconductor structure. The problem is modifying very thin layers of
materials, which by their very nature are not sufficiently robust to withstand the process of actual
pattern transfer. A new method for fabricating semiconductor nanostructures addresses this problem.
An STM is used to selectively grow a very thin oxide layer on a hydrogen-passivated Si(100) surface.
The oxide serves as a robust mask for liquid etching that selectively etches only those portions of the
surface not protected by the local oxide pattern.

kkk

Fiber-Optic Biosensor for Biological Warfare Detection
Center for Bio/Molecular Science and Engineering

A fiber-optic biosensor is being developed for biological warfare (BW) agents. This sensor uses
antibodies and other biomolecules to recognize such agents rapidly and at extremely low
concentration. The recognition molecules trap a complex that includes the BW agent and a fluorescent
dye at the surface of an optical fiber. A signal is generated as the dye is excited by light traveling
down the fiber. For on-site verification of the antibody-based tests, a scheme for using DNA
technology for molecalar recognition has been devised that uses the fiber-optic sensor as a readout
device. A DNA-binding protein attaches the fluorescent DNA complex. Biological toxins were
detected in river water and in clinical samples; rapid immunoassays for bacteria were developed;
harmless bacteria released into the air were collected and detected; and the DNA-based assays, which
can be used for verification of immunoassay screens, were developed.

KAk
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Decadal Scale Effects of the 1982-83 El Niiio
Oceanography Division

Division scientists have uncovered evidence of present-day impact on the ocean circulation more than
11 years after the 1982-83 El Nifio. They have done this by using a combination of satellite
measurements of sea surface height, sea surface temperature (SST), and a high-resolution global
ocean model. This El Nifio spawned a Rossby wave along the coast of North America that lasted
more than a decade and crossed the entire Pacific. During 1991-1992, it interacted with the Kuroshio
Extension, an important heat-transporting current flowing eastward from Japan. This interaction
routed a portion of the Kuroshio Extension’s transport to a more northern path, causing the major
warm anomaly seen in the satellite SST measurements. In 1992-1993, anomalies in sea surface height
and temperature spanned the northern Pacific from Japan to Alaska. The remarkable sequence of
events uncovered by this investigation indicate the surprisingly long-term oceanographic effects of the
major 1982-83 El Nifio.

kKK

Space Flight Tunable Passband Optical Filter
Space Science Division

A tunable narrow passband optical filter has been space-flight-qualified for use on the first
coronograph capable of mapping the expansion velocity of the inner solar corona. The filter permits
two-dimensional, monochromatic imagery and expansion velocity mapping of the solar emission line
corona over a 1.5-deg field of view with high spatial resolution, spectral resolution, and efficiency.
The design elements consist of a computer-controlled, tunable Fabry-Perot interferometer and a set of
intermediate passband etalon filters. The nominal 0.07-nm wide Fabry-Perot passband is tunable to
any wavelengta over a 110-nm range with a precision of +0.0035 nm. Several technical difficulties
were overcome: mount two interferometer plates securely enough to survive a 15-g launch without
deforming their flatness by more than 0.5 nm; provide that absolute interplate spacing and parallel
precision be maintained continuously to + 0.15 nm; and accomplish experiment filter objectives with
minimal mass (6 kg) and power (6 W). This filter will significantly increase the efficiency of future
remote sensing spectroscopic instruments used to study the solar corona and the terrestrial upper
atmosphere.

k%%

Multi-mission Advanced Tactical Terminal (MATT) and
Man Portable Advanced Communications Terminal (MPACT)
Space Systems Development Department

Division scientists have long been actively involved in developing satellite communications terminals
for tactical intelligence reception. MATT and MPACT are development programs that support this
involvement. In these programs the capability to receive, decrypt, process, and correlate information
from various tactical links is assembled in modular, miniaturized packages. MPACT packages a
combination of MATT modules and newly developed electronics into a briefcase weighing less than
30 pounds. MPACT will run on a laptop computer within the briefcase and will provide the user with
ELINT and COMINT data. MATT and MPACT make real-time and near-real-time intelligence
information available to a wide variety of military platforms that were previously excluded from such
technologies because of size and weight constraints.

kK ¥k
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Extended Radar (Beyond the Horizon Capability)
Radar Division

The Navy needed the capability of detecting, with surface-based radar, low-flying cruise missiles at
sufficient range to engage them with defensive weapons. In many situations involving surface-based
radar, unfortunately, the utility of the sensor is limited by line-of-site constraints imposed by nature.
Removing this constraint would increase the effectiveness of the sensor. Radar operating from an
airborne platform has a greatly enhanced field of view, and tethered platforms supporting an entire
radar system are used for border surveillance. These aerostats must be very large to provide the
necessary payload capacity. Division scientists applied the aerostat approach only to the radar
antenna. By using an elevated mirror, the distance to the horizon from a surface-based radar was
increased three-fold. No significant modification to the system architecture or operation was required.
This achievement provides a means for detecting low-flying cruise missiles with existing shipboard
radars at ranges much greater than previously possible.

KKk

TESPEX Data Communication System
Information Technology Division

Previous acoustic data collection exercises involved two ships—one towing a hydrophone, the other an

acoustic source. Data collection was hindered by noise from the vessel, analysis tools, and
participating personnel; it was limited by space and cost constraints. Difficulties in obtaining the use
of two or more ships prohibited extended periods of experimentation. To address these problems, a
two-way data satellite communications network has been developed to relay acoustic data from a
remote ocean buoy to a distant ship and to a shore station. This system allows remote control of the
buoy’s data collection equipment and shore monitoring of the status of the buoy’s electronics. The

network has been demonstrated successfully, delivering real-time data to a shore station for immediate

analysis.

kKK

Navy Tactical Command System - Afloat (NTCS-A)
Reconstruction Module
Tactical Electronic Warfare Division

Reconstructing conditions that occurred at sea has previously been performed by manually collecting
data and performing analyses. Modern Command and Control systems such as the NTCS-A are
emerging. These systems contain powerful analytical capabilities that have the potential for both
collecting data and conducting reconstruction analysis. Technical problems make it difficult to use
these systems in a reconstruction mode. The Reconstruction Module is embedded in NTCS-A. It

provides the capability to archive tactical event data processed within NTCS-A. This allows the replay

or reconstruction of tactical events at sea on a quick-reaction basis for rapid on-scene analysis. The
system can be used afloat or ashore for more post-event reconstruction and analysis by using

additional data not available at the time of the event. Results of the analysis can be prepared by using
the powerful presentation/briefing capability contained within the Reconstruction Module.

koK
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Development of an Acoustical Window for the BSY-1
Underwater Sound Reference Detachment

Many acoustic systems operate at frequencies in the near-ultrasonic range where acoustical
transparency of the window becomes very important to system performance. The requirement that the
window be rigid and impact resistant to protect electroacoustic components exacerbates the condition.
No rigid, impact-resistant materials provide a sound speed low enough to be matched to sea water.
However, an improved rigid, acoustical window for high-tfrequency underwater applications has been
designed and tested. The window composite has the properties of a sound speed-density product that
matches seawater perfectly and sound speed that is only about 20% greater than seawater. This
composite gives very low insertion losses for a normally incident acoustic wave, and moderately low
insertion losses at oblique angles. The new low-insertion loss, rigid, impact-resistant window can be
used in the near-ultrasonic-frequency systems such as the BSY-1, BSY-2, and under-ice navigational
sonar.

k%K%

Simulation of Flow Past Complex Geometries by Using
a Parallel Implicit Incompressible Flow Solver
Laboratory for Computational Physics and Fluid Dynamics

Problems of Navy interest represented by the incompressible Navier-Stokes equations include
unsteady aerodynamic flows and turbulent separating flows over complex vehicles such as
submarines. Recent innovations in microprocessor technology provide a variety of architectures for
parallel computers that make it possible for these flow computations to be performed in a timely
manner. For simulations of flows about complex geometries such as a fully appended submarine, an
unobstructed grid approach offers the greatest flexibility with the fewest degrees of freedom. An
incompressible flow solver based on unobstructed grids was developed for use with distributed
memory paralle! architectures and has been used for efficiently simulating flows over complex
geometries. The performance of the parallel flow solver was also investigated.

k¥

Development of a New Technique for Depositing
Biocompatible Coatings on Surfaces
Condensed Matter and Radiation Sciences Division

Calcium phosphate-based bioceramics have been used in medical and dental implant devices.
However, because of their low tensile strength, they have not been used in orthopedic devices. This
deficiency might be overcome by coating a high-strength metal with calcium hydroxylapatite. This is
the primary mineral constituent of bones and teeth and one of the most biocompatible materials
known. Current deposition methods for this phosphate are not entirely satistactory. Division scientists
have developed a pulsed laser deposition method for forming thin film coatings of hydroxyapatite on
metal, ceramic, and polymer substrates. These are the most phase-pure coatings produced by any of
the coating methods and offer significant benefits to the design of internal skeletal prostheses and
other applications in which bonding to natural bone is desired.

*okk
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Uniform Focal Distributions with the NIKE Laser Facility
Plasma Physics Division

Laser fusion offers a means to study nuclear weapons physics, weapons effects, and, possibly, energy
generation. One of the key requirements for laser fusion is obtaining sufficiently uniform and
controlled laser focal profiles for symmetric pellet implosions. A beam-smoothing scheme to provide
such uniform laser foci is being developed. KrF laser beams with highly uniform local profiles have
been produced at the NIKE laser facility. The KrF laser was chosen for development because KrF has
the short wavelength (248 nm) required for good laser-pellet coupling and characteristics that, in
theory, would allow generation of highly uniform focal profiles. KrF inherently has the desired broad
bandwidth and short wavelength. The uniform beams produced by the KrF laser may eventually allow
studies of weapons effects using high-gain pellet implosions.

* ok ok

The RANDI-III Shallow-Water Ambient-Noise Model
Acoustics Division

The emphasis in antisubmarine warfare has recently shifted from deep-water surveillance to shallow
coastal-water tactical operations. Although the Navy has a credible sonar system performance-
prediction capability for deep water, it does not have a corresponding capability for shallow water.
The ambient noise calculation is one of the most important components of such a capability. A
credible shallow-water ambient-noise prediction capability did not exist prior to the development of
the RANDI-III (Research Ambient Noise Directionality - III) model. This model calculates the
vertical and horizontal arrival structure of ambient noise in shallow water resulting from wind/seas
and shipping. The model has been used successfully to predict unique characteristics of the ambient
noise at several shallow-water locations.

k%K

Radio Discovery of Supernova SN1993J
Remote Sensing Division

Supernovas are thought to play a basic role in the evolution of galaxies through the manufacture and
distribution of many of the elements that determine the chemical makeup of galaxies. They are even
suspected of being explosive triggers for the formation of stars and stellar systems. Very shortly after
its discovery, division scientists were able to detect radio emissions from such an exploding star
(SN1993)) in a nearby galaxy at a wavelength of 1.3 cm. This made it the shortest wavelength and
earliest detection ever made for radio emission from a Type II supernova. The radio information adds
significantly to our understanding of the nature of stellar explosions and the last stages of evolution of
massive stars. Navy interest lies in maintaining and extending expertise in radio interferometric
techniques, reference frame studies, and their application to Navy needs such as geolocation.

kk*k

Tidal Atlas Software
Marine Geosciences Division

To determine where tidal data were inadequate and to improve tidal prediction, division scientists
developed and transitioned tidal atlas software for use in hydrographic survey operations. This
software provides an integrated database of tides, bathymetry, and coastlines. The software can
display tidal stations and tidal constituents for any user-specified area and can provide additional
graphic displays. These displays can include tidal height, tidal zone, and co-tidal and co-range plots.
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The software is useful for coastal modeling—providing tidal characteristics displays for model
validation and input information for modeling applications. The software is completely menu-driver;
users need no special commands. This software can quickly display worldwide tidal characteristics.

*k%k

Variability of Coastal Atmospheric Refractivity (VOCAR)
Marine Meteorology Division

The VOCAR project consists of a theoretical, modeling, and field effort to understand, analyze, and
predict complex coastal, mesoscale, and boundary layer 2tmospheric phenomena and structures that
impact electromagnetic propagation and other tactically important variables. As part of the VOCAR
program, a series of “bservations were made in the coastal zone during which NRL’s mesoscale
model produced daily forecasts over the VOCAR domain. An extensive set of model fields were
archived for further analysis. These fields will be input to the Radio Physical Optics propagation
model and compared with the propagation losses in the VOCAR region. Improvements are being
tested to prevent nonrepresentative mesoscale errors in the boundary layer from contaminating the
synoptic-scale analysis.

K%

Space Surveillance Applications of Parallel Processing
Spacecraft Engineering Department

The development of the space station has increased awareness of potential dangers to spacecraft that
can result from collisions with other spacecraft and debris. While the technology required to track and
catalog objects in space down to =1 cm in size has been determined, the sensitivity of current radar
tracking limits detections to ~30 cm and a current catalog of approximately 7,500 objects. With
better computational facilities, the catalog could be increased to 25,00C objects. Equally important is
the need to increase prediction accuracy. Analyzing threats to spacecraft and studying debris
propagation is now possible with a new program (CM-COMBO) developed for a massively parallel
processor computer (the Connection Machine). This program is capable of simultaneously comparing
the miss distance between all objects in space.
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Meet the Researchers

NRL is proud of its numerous researchers. Every year, we feature some of
these people so that you may get to know them and, as a result, understand how
their diverse scientific backgrounds come together to keep the Laboratory on the
horizon of discovery.

Dr. Patricia A. Tatem, a research chemist and Project Techni-
cal Manager of the Navy Technology Center for Safety and Surviv-
ability, conducts and manages research and development of innova-
tive damage-control hardware and software for insertion into current
and future naval platforms.

‘‘My career-long tenure at NRL has been both rewarding and
satisfying. 1 feel that the greatest responsibility I have as an NRL
scientist is to make a difference in the quality of life of a sailor.

One of the most gratifying rewards that I have experienced has been
seeing the results of my fire safety/damage control research make an
impact on the fleet in the new construction and backfit programs of
naval platforms. I know that these improvements have created a less
hazardous environment for sailors to go about their daily duties.”

Dr. Henry D. Dardy of the Information Technology Division
is NRL’s Chief Scientist for Computational Science. He leads the
Center for Computational Science’s (CCS) advanced research effort
to rapidly prototype an all digital information infrastructure for
voice, video, data, and imagery at the Laboratory. The effort is
part of the National High Performance Computing and Communica-
tions Program within the DoD. The CCS team is working with
various government agencies, academia, and industry to develop
massively parallel processing hardware and software and to link
these rich computational resources to researcher’s facilities through
ATM telecommunications technology end-to-end.

*‘NRL has a long and proud tradition of developing fundamen-
tal concepts that provide leading edge capabilities to researchers and
in the long run find application in the real world. Our efforts are
laying the foundation for an exciting information age. It combines
the gifted talents and interactions of researchers at the Laboratory
and across the country. Efforts like these place NRL in the fore-
front of discovery and innovation that can be of great importance for
society in general.”’
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Dr. Bhakta B. Rath is the Associate Director of Research of the
Materials Science and Component Technology Directorate. In this
position he has the responsibility for planning and the administration
of basic and applied research in structure of matter, condensed matter
physics, chemistry, electronics, materials science, plasma physics,
computational physics, and bio/molecular science and technology.

‘It is a distinct opportunity and challenge to be a member of a
research team of one of the most prestigious laboratories of the
world. NRL, throughout most of its history, has maintained strong
emphasis on a broad spectrum of scientific and engineering disci-
plines, which provides a unique environment for world class research-
ers engaged in innovations to meet the current and future needs of the
U.S. naval forces and the Nation.”’
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Dr. Judith L. Lean, research physicist in the Space Science
Division, has developed models of the variations in the Sun’s radiative
energy output over times scales from days to centuries. Such models
are utilized to study dramatic solar-induced changes in the outer layers
of the Earth’'s atmosphere and ionosphere, as well as more subtle
changes in the lower atmosphere and biosphere. She has participated
in many national and international activities studying the Sun and its
impact on climate change, the ozone layer, and the Earth’s environ-
ment. Dr. Lean recently chaired a National Academy of Sciences
Working Group on Solar Influences on Global Change.

““It is a delight to study the Sun at the very Laboratory that over
forty years ago made the first rocket-borne observations of the solar
ultraviolet spectrum and to work in a branch that over the decades has
developed a world-renowned capability for interpretive and theoretical

solar terrestrial physics. Particuiarly exciting is the prospect of
utilizing this expertise to achieve a better understanding of solar
variability for both the DoD and the national global change research

program.”’

Mr. David K. Woodington, Director of the Research and
Development Services Division, is responsible for all laboratory
facilities and supporting infrastructure.

‘“The quality of NRL’s facilities and supporting infrastructure is
essential for state-of-the-art scientific research. I am extremely
fortunate to be part of the NRL facilities family, which continues to
provide these facilities. Clearly, the quality and dedication of the
NRL personnel in my division are unmatched within the Navy. NRL
provides an environment that fosters motivation for each of us to
achieve excellence.”’
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Dr. William B. Moseley is Superintendent of the Oceanography
Division at NRL Stennis Space Center, Mississippi. The division
conducts research and development on the physical, dynamical, bio-
logical, and chemical processes of the ocean and marine boundary
layer. The oceanographic research is both theoretical and experimen-
tal in nature and is focused on understanding ocean hydro/thermody-
namics, ocean circulation, ice dynamics, air-sea exchanges, ocean
optics, small and microscale turbulence, bioluminescence, and mic-
robially induced corrosion.

‘‘Oceanography at NRL is an innovative, productive mix of
scientists, engineers, and technicians working together to solve multi-
disciplinary problems in response to Navy needs, national/interna-
tional interests, and scientific opportunities. Understanding the ocean
environment is critical for the Navy because the ocean directly or
indirectly affects every Navy platform, system, and operation.’’

Dr. John B. Hovermale is Superintendent of the Marine Meteo-
rology Division in Monterey, California. This newly established
division emphasizes basic and applied research in analysis and predic-
tion of atmospheric phenomena and is closely allied with NRL’s
studies in remote sensing and ocean sciences. Development of fore-
cast guidance products from numerical weather forecasts and satellite
information is also a major long-term thrust in the division. Dr.
Hovermale’s career has been devoted to these research areas for
almost 30 years in university teaching, in the U.S. Weather Service,
and for the Navy.

*“I find it a pleasure and challenge being a new member of NRL,
having admired its reputation throughout my career. I hope to help in
expanding NRL'’s role in ocean and atmospheric sciences. We see
our division as a primary player in developing global and coastal
mesoscale prediction systems and in coupling these systems with
ocean and upper atmosphere models developed elsewhere. Tri-service
plans developed jointly within DoD define NRL as the principal
model developer for all service requirements.”’
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Color Presentation

For visual interest, we present some of NRL’s latest scientific achievements.

New multispectral algorithms have been
developed that significantly improve the
ability to detect low contrast targets in
background clutter. The algorithm perfor-
mance depends on the band-to-band
spectral correlation of the background
clutter. The surface shown is a visual
representation of a correlation matrix
derived from background measurements
recently gathered by NRL scientists at
Wright-Patterson Air Force Base. The
range of each dimension is approximately
3 to 14 microns and the red color repre-
sents regions of high correlation. The
diagonal of the matrix, which has unity
correlation, can be seen extending from
the lower left to the upper right of the
figure. (M.R. Surette, W.A. Shaffer, and
J.V. Michalowicz, Code 5621)

Satellite infrared (gray shade), passive micro-
wave (color), and altimeter ice index data
{white) are combined to delineate ice concen-
tration, edge, and floes along the east Green-
land coast. Infrared cloud contaminated pixels
are substituted with passive microwave ice
concentration data to provide both ice pack
detail and full areal coverage. The passive
microwave and aitimeter data improve the
integrated image by providing information about
the Odden svent (extending eastward from the
ice pack), which is indiscernible in the infrared
data. (D.A. May, Code 7240)
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Geometry of a submarine model with 96 subdomains. (R. Ramamurti, Code 6410}

The Global Positioning System (GPS)
provides the capability to accurately
determine a user’s position at any
point on the ground, in the air, or on
the sea. The ability to determine a
user’s position in three dimensions
requiras siting four GPS satellites
simuitaneously. This is not always
guaranteed, and coverage outages
occur. The maximum coverage gaps
that occur over a one-week period are
displayed as color-coded bins. Each
bin represents a 40 by 40 km square.
Over 320,000 bins were required to
cover the surface of the Earth.

{B.V. Sweeney and J.V. Michalowicz,
Code 5621)
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The Deep Space Program Science Experiment spacecraft, called Clementine, will
spend two months mapping the moon before heading a flyby of the asteroid, Geo-
graphos, in August 1994. The Clementine interstage, which is jettisoned in a 350 by
172,000 km Earth orbit, will monitor radiation during it's one-year lifespan.

(P. Regeon, Code 8133)

Artificial light emissions produced by a
beam of high-power radio waves reflecting
in the ionosphere. Each image of 100 by
100 km space is separated in time by one
minute. The radio wave beam is focused
by a large-scale density cavity in the bot-
tom of the ionosphere. Eventually, the
beam burns a hole through the ionosphere.
(P.A. Bernhardt and J.D. Huba, Code 6794)
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Sequential visualizations of the vorticity magnitude reveal the dynamics in a gas
jet emerging from a square nozzie. The colors in these visualizations range from
semitransparent blue to opaque red (0.05Q,,, ~0.60Q,,,). The figurs depicts
the large-scale vorticity dynamics controlling the jet development, characterized
by vortex rings undergoing selif-deformation, hairpin vortices originated by vortex
induction and stretching in the initial shear layer, and, further downstream, a
more disorganized flow regime characterized by tube-like vortices.

{F.F. Grinstein, Code 6410)

Simulated field configuration of an antenna array using a
cellular automaton model on the NRL Connection Machine.
Dark colors indicate high-field strengths. The main lobe struc-
ture is clearly visible perpendicular to the line of the array.
{J.B. Cole and S.K. Numrich, Code §580; and R.A. Krutar and
D.B. Creamer, Code 7120)

These figures depict the evolution of the three-dimensional ablative Rayleigh-
Taylor instability on a laser-accelerated planar plastic target. The initial mass
density perturbation (left) has been integrated in the direction of the incident
laser before plotting. The integrated mass density perturbation after 4.7 ns of
hydrodynamic evolution (right) shows the nonlinear coupling of modes with
hemispherical bubbles dominating at late times. In both figures, dark blue to
gray areas indicate regions of most mass, and yellow areas indicate regions
with the least mass. (J.P. Dahlburg and J.H. Gardner, Code 6440; and

D.E. Fyfe, Code 6410)
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Diamond Surface Chemistry

Pehr E. Pehrsson, John N. Russell, Jr., Brian D. Thoms, and James E. Butler
Chemistry Division

Michael Marchywka
Space Science Division

Jeffrey M. Calvert
Center for Bio/Molecular Science and Engineering

DIAMOND CHEMICAL VAPOR
DEPOSITION

Diamond possesses numerous physical and
chemical properties that have technological,
industrial, and scientific applications. It has the
highest therma! conductivity and hardness of
any material, high optical transmission, a large
bandgap and high carrier mobilities, and the
lowest friction coefficient (under select condi-
tions) [1,2]. These properties make diamond of
particular interest to the electronics community
for use as a heat spreader for thermal manage-
ment or as an active electronics device material
[3].

The current interest in diamond surface
chemistry reflects recent advances in diamond
growth by chemical vapor deposition (CVD),
under what were once thought to be thermody-
namically impossible conditions. Figure 1 is a
schematic diagram of the CVD process [4].
CVD deposits diamond from a gas-phase mix-
ture of hydrogen (H,), hydrocarbon (usually
methane, CH,),and sometimes an oxygen-con-
taining species or halogen (O,, CO, Cl,, HCI).
The gases in the growth chamber are activated
by various methods including microwave or
radio frequency plasmas, DC discharge, com-
bustion flame, or even a hot metal filament.
All of these techniques fragment the hydrocar-
bon molecules to form a ‘‘soup’’ of hot hydro-
carbon molecules and fragments. Most impor-
tantly, they split the hydrogen molecules into
atomic hydrogen. The resulting hydrocarbon

and atomic hydrogen species move through the
reactor by diffusion and convection and impinge
on the substrate. Adsorption, diffusion, reac-
tion, and desorption of various species occur
simultaneously on the substrate surface. Under
a select set of conditions, diamond nucleates and

REACTANTS

Ho + CHy4

FLOW AND REACTION

O] 1O

I Diffusion I

Fig. 1 — Schematic rendition of the CVD diamond deposi-
tion process. (Originally published in Ref. 4)
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grows while the deposition of graphitic (or sp?)
carbon formation is suppressed.

Hydrogen and oxygen play multiple roles in
CVD diamond growth, both in the gas phase
and on the surface of the growing film [5]. The
principal effects of atomic hydrogen on the dia-
mond growth process are thought to include:
control of the gas phase chemistry, stabilization
of the sp*-hybridized surface carbon atoms,
preferential reaction with sp>-hybridized carbon,
and abstraction of adsorbed hydrogen to pro-
duce reactive surface sites for carbon incorpora-
tion. Gas-phase hydrogen atoms (H) can adsorb
on the surface and fill vacant sites or abstract
surface hydrogen to form volatile molecular
hydrogen. The desorbing hydrogen creates
vacant surface sites and radicals at which methyl
radicals and other hydrocarbon species adsorb
and which are ultimately incorporated into the
growing diamond lattice. The competing ad-
sorption, desorption, and abstraction processes
create a dynamic balance that leaves some open
surface sites for addition while not completely
denuding the surface of adsorbates. Such de-
nuded (unterminated) surfaces rapidly develop
double bonds and nucleate undesirable sp>-
bonded carbon. Adsorbed hydrogen stabilizes
the diamond surface and explains why diamond
grows under CVD conditions. Oxygen species
likewise bond at vacant surface sites and create
open sites by desorbing or abstracting other
surface species. At elevated temperatures, oxy-
gen etches both sp? carbon (graphite) and sp
carbon (diamond) surfaces.

The complex CVD process is controlled by
the thermodynamics and kinetics of multiple
competing deposition and etching surface reac-
tions. Our objective is to understand and im-
prove the CVD process by studying the struc-
ture and thermal stability of the bare diamond
surface and surfaces terminated with hydrogen,
oxygen, or hydrocarbons. We also must under-
stand heat-induced desorption products and the
interaction between gas phase species and dia-
mond surfaces terminated with other species.
This knowledge is essential for developing the
diamond growth models and process controls
required to optimize growth rates, morphology,
quality, and the post-deposition surface manipu-
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lation necessary to exploit diamond’s superb
materials properties.

THE DIAMOND SURFACE

The diamond surfaces studied at NRL in-
clude both single crystals and polycrystalline
films. The single crystals are either natural
stones, man-made in a high-temperature/high-
pressure (HTHP) press, or CVD-grown homo-
epitaxial layers on natural or HTHP stones.
The homoepitaxial layers are especially useful
since many natural and HPHT diamonds are
insulating and hence unsuitable for many elec-
tron-based analyses because of surface charging.
Small amounts of boron or other dopants intro-
duced into the feedgas make the CVD-grown
layers electrically semiconducting.

Diamond surface chemistry presents unique
challenges and pitfalls. Surface chemistry in
general, and CVD growth in particular, can
occur principally at steps, ledges, and other
defects. Crystals cut off-axis have higher densi-
ties of defect and ledge structures, which can
lead to variable or unrepresentative data for
surface reactions on a particular crystallographic
surface. Commercially available diamonds are
only cut to within 2° of the low-index ((100),
(110), and (111)) faces, limiting their utility for
some studies. Useful experiments require
knowiedge of how closely the sample surface
matches the low-index planes and how smooth
those surfaces are, along with confirmation that
the surface remains essentially unchanged and
uncontaminated by sp® carbon or other species
during various treatments. The diamond grit
polishing often used to finish diamond surfaces
hinders formation of scientifically useful dia-
mond surfaces by creating large numbers of
microscopically rough surface wear tracks and
pits. Sputtering and vacuum annealing tech-
niques used in the surface science of metal
crystals cannot be used because they convert
the diamond surface to graphite. However,
recent scanning tunnelling microscope (STM)
work [6] and our own low-energy electron
diffraction (LEED) and STM results show that
(100) and (110) diamond surfaces heated to
800°C in a microwave hydrogen plasma become




reproducibly smoother and well-ordered, with
dramatically lower step and other defect densi-
ties. Such representative surfaces are proving
highly useful for surface science and homoepi-
taxial growth studies.

SURFACE ANALYSIS

Most of our experiments are conducted in
ultrahigh vacuum (UHV) chambers with base
pressures of 1-5 X 107!° Torr (Fig. 2). Inde-
pendent heating and cooling capabilities allow
control of the diamond surface temperature.
Diamond surfaces at various temperatures are
dosed with molecular hydrogen (H,), deuterium
(D;, an isotope of hydrogen), or oxygen (O,) by
backfilling the chamber. During some experi-
ments, a tungsten filament heated to > 1800°C
excites H, or D, and dissociates a fraction of it
to highly reactive atomic hydrogen (H) or deute-
rium (D). A hot (1150°C) iridium (Ir) filament
excites molecular oxygen to more reactive
vibrational and electronic states, and may con-
vert some fraction to highly reactive atomic
oxygen (0). The flux of atomic species to the
diamond surface is unknown, so the doses listed
are the total flux of the molecular species in
Langmuirs (1 L = 1076 Torr s).

We use a variety of electron-based, optical,
and mass spectrometric techniques to interrogate
the interactions between gas-phase species and
diamond surfaces. Vibrational spectroscopies
provide chemical bond information about adsor-
bates and surface structure. In high-resolution
electron energy loss spectroscopy (HREELS),
monochromatic low-energy electrons are scat-
tered from the surface of interest and lose meas-
urable amounts of energy through excitation of
surface adsorbate and lattice vibrations. The
specific amount of energy lost to these vibra-
tions identifies the surface chemical species;
the number of electrons losing that amount of
energy reveals the surface coverage of that
species. We obtain similar information with IR
photons by multiple internal-reflection infrared
spectroscopy (MIRIRS).

Auger electron and X-ray photoelectron
spectroscopies (AES and XPS) provide compo-
sitional and chemical identification of the dia-
mond surface (i.e., whether it is sp? or sp*

Fig. 2 — A view into the UHV chamber used for
HREELS and other analysis of diamond surfaces.
The small square in the center of the shot is a
piece of polycrystalline diamond film. The light
comes from a heater in back of the sample.
{Photo courtesy J. McNally)

bonded carbon and whether it is contaminated
with other species), and give the type and extent
of non-hydrogen surface termination. Second-
ary electron emission (SEE) and electron loss
spectroscopy (ELS) also confirm whether the
surface is diamond or contains sp? carbon con-
tamination. LEED measures the degree of sur-
face order. Low-energy electrons scattered
from a surface that consists of a regular array of
atoms undergo constructive and destructive in-
terference, which are observed as spots on a
phosphor screen. The spot patterns are charac-
teristic of the surface structure. The sharpness
and contrast of the spots increase with respect to
the background as the surface order improves.
A differentially pumped, random flux-shielded,
quadrupole mass spectrometer measures desorp-
tion products vs surface temperature in tempera-
ture programmed desorption (TPD) experi-
ments. The adsorbate surface coverage after
various treatments is obtained by integrating the
area under the desorption curve. The combina-
tion of chemical species-specific probes
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(HREELS, AES, XPS, TPD) and techniques
sensitive to surface structure (LEED, STM)
provides a detailed picture of the diamond sur-
face and adsorbates.

HYDROGEN CHEMISTRY ON
DIAMOND SURFACES

The stretch and bend vibrational frequencies
observed with HREELS reveal the C-H and C-C
bonding on hydrogenated diamond surfaces. The
C-H stretching frequency at 2800-3000 cm™!
increases in the order CH; <CH, <CH, and
also increases for hydrogen bonded to single,
double, and triple-bonded carbons. HREELS
shows that molecular hydrogen does not react
with nude, room-temperature, polycrystailine
diamond surfaces composed primarily of (111)
facets. However, atomic hydrogen adsorbs on
the surface in the monohydride state (CH, not
CH, or CH;) with C-H bonds normal to the
surface and the surface carbon in the sp3, sin-
gle-bonded configuration. Upon heating the
diamond to 7> 900°C, the H desorbs from the
surface, as evidenced by the disappearance of
the C-H vibrational stretch and bend features.
TPD shows that the hydrogen desorbs exclu-
sively as H,. Hydrogen abstraction rates are
determined by using HREELS to monitor the
disappearance (appearance) of the C-H (C-D)
stretch after successive doses with excited deute-
rium (D), a hydrogen isotope with a different
stretching frequency (Fig. 3). These results
indicate that hydrogen adsorption on a diamond
surface at 80°C occurs 20 times more efficiently
than abstraction, higher than in analogous gas
phase reactions. Current attempts to model
CVD diamond surface reactions use numbers
derived from gas phase reactions, and thus can
be improved. The adsorption and abstraction
rates are unchanged on diamond at 600°C. The
independence of the rates on surface tempera-
ture indicates that the incident hydrogen atoms
are not in thermal equilibrium with the surface
during these reactions. Consequently, the reac-
tion mechanism for hydrogen abstraction is best
described as the direct collision of an H atom
with a diamond site, which results in either
adsorption or removal of a surface hydrogen.
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Fig. 3 — A series of HREELS spectra showing the
gradual replacement of the C-H stretch and bend
modes by those of C-D as the sample is dosed with
excited deuterium

Diamond (100) surfaces can also be de-
nuded by annealing in vacuum or reterminated
by dosing with hydrogen or oxygen. Surfaces
stripped of surface-terminating groups some-
times eliminate the energetically unfavorable
‘‘dangling bonds’’ by rearranging the surface
atoms to form new bond configurations, often
accompanied by changes in the bond angles and
atom positions near the surface. There are
several proposed configurations for the hydro-
gen-saturated C(100) surface. Figure 4 is a
schematic rendition of possible structures for
hydrogenated (100) diamond. Our HREELS
and LEED data indicate that hydrogenated
C(100) has a monohydride dimer structure with
every surface carbon atom bonded to one hydro-
gen atom and three other C atoms. The (100)
diamond surface exposed to hydrogen atoms
exhibits a two-domain, 2 X 1 LEED pattern
(Fig. 5(a)), which is consistent with this struc-
ture. A surface with dihydride carbon atoms
has a square 1 X 1 LEED pattern. In addition,
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{a) dihydride

(b} 50:40 dihydride:monohydride

{c) monohydride

Fig. 4 — Three possible structures for the hydrogenated diamund (100) surface;
(b} and (c) relax the severe steric constraints of {a). (Originally published in Ref. 5)

{a) {2 x 1) hydrogenated surface {b) (1 x 1) oxidized surface
Fig. 5 — Low-energy electron diffraction (LEED) patterns on {100) diamond
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the HREELS stretching vibrational frequency
indicates that there are CH groups on the sur-
face, but no CH, groups. The 2 X 1 LEED
pattern persists even after the sample is heated
to almost 1100°C, but the accompanying loss of
the HREELS C-H stretching vibration confirms
the desorption of most of the surface hydrogen.
The appearance of several new vibrational peaks
suggests changes in the surface carbon-carbon
bonding, consistent with a pi-bonded dimer
reconstruction at adjacent open sites. ELS,
SEE, and AES all confirm the partial con-er-
sion of the surface to sp® carbon under these
conditions. This reconstruction is not desirable
during CVD because it is the first step toward
graphite growth, which degrades the quality of
the deposited diamond.

The LEED patterns from hydrogenated
(110) faces also sharpen and brighten in a hy-
drogen plasma, indicating a smoother, more
well-ordered surface. The background H,
partial pressure impedes TPD measurement of
hydrogen desorption from the diamond surface.
For these studies, diamonds are exposed to D
atoms created with the hot tungsten filament.
TPD shows that neither molecular hydrogen nor
deuterium react with bare diamond (110) sur-
faces at room temperature, but that atomic
hydrogen and deuterium do chemisorb. Con-
versely, a deuterated surface heated to 1027°C
evolves molecular deuterium (D,). We expect
adsorption and desorption to be reversible pro-
cesses. Therefore the adsorption of H(D) atoms
and the desorption of H, (D,) molecules indi-
cates that molecular hydrogen requires addi-
tional energy (i.e., there is an activation barrier)
to react with the bare surfaces.

Figure 6 shows D, thermal desorption
spectra from a C(110) surface that was exposed
to D,/D at room temperature. The surface
coverage derived from the desorption spectra
saturates at exposures of ~200 L. Molecular
deuterium desorbs between 227°C and 1027°C,
yielding an asymmetric desorption peak with a
coverage-independent maximum at 892°C. The
peak shape and invariant maximum temperature
are characteristic of desorption kinetics which
are first order in (directly proportional to) the
adsorbate atomic D concentration. Recombi-
native desorption rates usually depend on the
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Fig. 6 — Temperature-programmed desorption spec-
tra from a hydrogenated diamond ({110) surface
exposed to excited deuterium at 27°C

probability of collision between two adsorbate
atoms, which is proportional to the square of
the surface species concentration. The apparent
first-order recombinative desorption kinetics for
D, desorption implies that the rate-limiting step
for the overall kinetics is not molecular desorp-
tion, but another step in the sequence of events
preceding desorption. The actual rate-limiting
step could be generation of a reactive site, the
mobility of surface species, or another event
directly proportional to surface hydrogen con-
centration.

OXYGEN CHEMISTRY ON
DIAMOND SURFACES

Oxygen also adsorbs on the diamond sur-
face, terminating surface sites and influencing
the surface rearrangement and availability of
sites for hydrocarbon addition. The dominant
C-O surface species varies with the specific
diamond face and reaction temperature. TPD
shows that oxygen desorbs from the diamond
surface as either CO or CO,, so the desorbing
oxygen removes carbon atoms and etches the
diamond surface. Desorption of different O-
containing surface groups requires cleavage of




different numbers of C-O bonds, which influ-
ences the oxygen desorption temperature and the
relative oxidative stability of each face. Poly-
crystalline diamond films composed primarily of
(111) facets and dosed with atomic oxygen
develop a HREELS feature at 1000-1080 cm™!.
This is consistent with oxygen in an ether
(bridge-bonding) configuration spanning two
surface carbon atoms. The HREELS feature
corresponding to ether-bonded oxygen disap-
pears after an oxidized (111) sample is heated in
vacuum to desorb the surface oxygen. Most of
the oxygen desorbs at lower temperatures
(T<750°C) than hydrogen ("> 950°C) and so
lowers the temperature needed to form vacant
surface sites for the addition of hydrocarbon
species to the diamond lattice. Oxygen also
reacts with surface hydrogen and removes it
from the diamond surface at 450°C.

Exposure of the hydrogenated (100) dia-
mond surface to excited oxygen converts the
LEED pattern from a sharp 2-domain 2 X 1 to
a 1 X 1 pattern (Fig. 5(b)). This is consistent
with cleavage of the carbon dimer bonds present
on the hydrogenated surface. HREELS spectra
from oxidized (100) surfaces have a feature at
1720 to 1800 cm™!, corresponding to oxygen
atoms double-bonded to single carbon atoms (a
carbonyl or ketone).

Neither UHV annealing to desorb surface
hydrogen nor oxidation with excited nxygen
alters the LEED pattern on (110) diamond, so
that surface probably does not reconstruct. The
HREELS spectra show both carbonyl and ether-
bonded oxygen. TPD and AES reveal that the
bare (110) diamond surface at 0°C becomes
oxygen-saturated when exposed to 600 to 1200
L of oxygen excited with an Ir filament. The
broad CO and CO, TPD desorption features
from the oxidized surface have maximum
desorption rates at ~ 597°C and 527°C, re-
spectively. The CO desorption intensity is an
order of magnitude higher than for CO,, indi-
cating that most of the oxygen leaves the surface
as CO. The CO and CO, desorption peak maxi-
ma and temperature range are independent of
the oxygen surface coverage, suggesting that
CO and CO, desorption also follow first-order
kinetics. The desorption activation energy for
the majority of CO and CO, species on the
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surface is estimated at 55 and 51 kcal/mole,
respectively. If the oxygen-covered surface is
annealed to desorb part of the oxygen mono-
layer, cooled, and then reheated to 1027°C, the
final CO thermal desorption curve continues
where the preheated desorption curve ends.
This indicates that oxygen adsorbs in a distribu-
tion of sites on the surface and that the sites are
inaccessible to each other by diffusion of the
surface oxygen.

POST-DEPOSITION APPLICATIONS OF
DIAMOND SURFACE CHEMISTRY

Implantation and Electrochemical Etch

Diamonds are usu 'ly cleaned with boiling
acids or an oxygen piusma to remove non-dia-
mond carbon and metal contaminants prior to
use in device fabrication. Both treatments
oxidize diamond to similar levels and alter its
electrical characteristics. High-temperature
annealing and/or hydrogen plasmas eliminate the
surface oxygen and restore surface conductivity
and other electrical characteristics. Thus, sur-
face termination and reconstruction are critical
to the characteristics and reproducibility of
diamond-based devices.

Under some conditions, the diamond sur-
face oxidizes to even higher levels than
observed with acids or oxygen plasmas. The
surface of a diamond immersed in a distilled
water bath between two electrodes with a 50 to
300 V potential applied between them oxidizes
to a higher degree than in plasma or acid baths
alone, although the diamond itself does not
appear to etch. However, regions of the dia-
mond damaged by ion implantation not only
oxidize but are electrochemically etched. High-
energy ion implantation creates subsurface
damage in the region of the crystal iatticc where
the ions come to rest, leaving a relatively un-
damaged outer layer. Selective removal of the
subcutaneous damage layer with the electro-
chemical etch undercuts the relatively undam-
aged top layer to produce a very thin sheet of
high-quality diamond [7]. Figure 7 shows a 50-
nm-thick diamond sheet curling up from an
implanted and partially etched polycrystalline
diamond film.
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Fig. 7 — Scanning electron micrograph of a thin
{50-nm) sheet of diamond lifting off of a polycrystalline
film implanted with 170 eV carbon ions and partially
electrochemically etched in distilled water. Magnifica-
tion is 100 x.

The relatively undamaged top surface of im-
planted crystals provides a template for further
diamond growth. Implanted single crystals
subjected to CVD growth prior to electrochemi-
cal etching develop a homoepitaxial diamond
layer on the top surface, i.e., the lattice of the
CVD-diamond layer is a continuation of the
crystal lattice of the substrate. The high quality
of the diamond film is confirmed by Raman
spectroscopy, the flat growth surface, and regu-
lar 90° crystalline fractures on stressed films.
CVD growths thicken and stiffen the liftoff
layer so that it does not curl. The resulting
“‘tiles’’ can be placed on a surface and arranged
into a mosaic. Further CVD growth on the
diamond tiles could create a sheet of virtually
‘‘single-crystal’’ diamond over large areas and
irregular surfaces. We have produced a metal-
insulator-semiconductor (MIS) capacitor from
homoepitaxial diamond grown on the liftoff
layer and then coated with SiO, and appropriate
metal patterns. An array of such ¢ ices would
constitute a charge-coupled device (CCD) and
could function as an uncooled, back-illuminated
UV imager that is insensitive to visible light.
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Surface Functionalization and
Electroless Metallization

The diamond surface can be chemically
manipulated to facilitate metallization and at-
tachment of other technologically useful thin
films for microelectronic device fabrication,
sensors, etc. Attaching adherent metal coatings
to diamond by using traditional evaporation or
sputtering approaches usually requires pre-sput-
tering of the diamond surface before metalli-
zation, or annealing to 900°C to form an inter-
mediate carbide layer. Both techniques are
problematic for many applications and can have
a deleterious effect on desired interfacial electri-
cal characteristics because of surface graphiti-
zation or dopant diffusion. These problems are
eliminated with a new NRL process in which a
metal-binding self-assembled (SA) organosilane
film chemisorbs onto a diamond surface previ-
ously oxidized by one of the techniques dis-
cussed earlier [8]. The SA films can be pat-
terned by either direct exposure to UV radiation
or by photoresist masking techniques. Immer-
sion of the patterned SA film surface into an
aqueous palladium catalyst solution results in
selective attachment of the catalyst to the pat-
terned SA film. When the substrate is then
placed in an electroless plating bath, metal
selectively deposits in an additive fashion onto
the catalyzed region of the surface (Fig. 8).

The resulting patterned metal films adhere to the
diamond without sputtering or annealing.

SUMMARY

Diamond has great potential in a diverse
array of technological applications. These
include passive and active electronics, as well as
numerous other tribological, optical, and coat-
ings applications. However, the current knowl-
edge of diamond surface chemistry is inadequate
for full exploitation of this potential. We are
pursuing increased understanding of diamond
surface chemistry to improve the CVD process
and post-deposition manipulation of the surface
chemistry for metallization and other applica-
tions. We obtain such chemical knowledge by
preparing representative diamond surfaces and
monitoring their interactions with a variety of
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Fig. 8 — Optical micrograph of a polycrystalline dia-
mond film after functionalization, patterning and metal-
lization with 100 nm of Ni. The Ni-coated regions are
light colored; the unmetallized diamond film is dark.
Magnification is 50 x.

gases under different pressure and temperature
conditions, and by developing and implementing
new processes for diamond surface modifica-
tion. The resulting chemical insight aids in the
development of superior diamond growth pro-
cesses and surface manipulation techniques of
use to the Navy, as well as the industrial and
scientific communities.
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Computational Materials Science
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INTRODUCTION

As we advance toward the 21st century, our
nation’s technological and industrial base has
become increasingly dependent on advanced
materials. Nowhere is this more evident than in
modern Navy systems. Along with the increas-
ing importance of new high-performance materi-
als, there has been a growing demand for com-
puter-based modeling of materials, both in an
effort to predict new materials and to gain an
understanding of the basic mechanisms underly-
ing useful properties. A variety of theoretical
tools are used for this purpose in the Complex
Systems Theory Branch. These range from
approximate methods to precise, density-func-
tional (DF), electronic structure-based tech-
niques. The approximate methods are used for
very complex materials, but they are limited,
both in terms of precision and the variety of
properties that can be calculated. The DF
electronic structure-based techniques yield u:
highest precision and can be used to calculate a
wide variety of properties while using only the
composition and perhaps the structure of the
material as input.

Theoretical predictions of new materials can
be made by computing the relative stability of
collections of atoms in various crystallographic
arrangements and compositions. Such calcula-
tions are performed from first-principles calcu-
lations by using DF techniques, without resort-
ing to experimental input. The DF theory pro-
posed in the mid 1960s by Hohenberg, Kohn,
and Sham [1] shows that the total energy is a
universal functional of the electron charge den-
sity for any system of electrons in the external
potential of the atomic nuclei. The DF theory

was also formulated in terms of solutions of a
set of coupled one-electron Schrodinger-like
equations, thus reducing the problem of a large
number of mutually interacting electrons in a
solid to a coupled set of one-electron problems.
The DF theory became a practical computational
scheme when Kohn and Sham proposed the
local density approximation (LDA), which treats
the exchange and correlation energy as that of a
uniform electron gas. These theoretical devel-
opments, coupled with the rapid increase of
computer power, have led to remarkable ad-
vances in computational materials science.

EXPLORING WITH LARGE LATTICE
STRAINS

There are many examples of first-principles
calculations of the energy E of a solid for small
variations in crystal structure—to determine, for
example, phonon modes and elastic constants.
However, there are relatively few examples of
total energy calculations for crystal distortions
large enough to transform between two widely
differing structures, transformations that neces-
sarily involve large lattice strains, i.e., strains
beyond the elastic limit. We describe a method
of exploring for low-energy structures along
paths in strain space that transform a lattice into
itself, and illustrate the method with specific
results for silicon.

A crystal lattice is specified by the set of all
vectors given by the linear combination of three
primitive vectors with integer coefficients. For
any lattice there are many choices for the three
primitive vectors. For example, silicon has the
diamond structure, which has a face-centered
cubic (fcc) primitive lattice. Two choices for
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the primitive vectors are given, in units of
half the lattice constant, by the columns of the
matrices

1 1 0 1 1 -1
A=|1 0 1} and B=(1 0 O
0 1 1 0 1 1

A is the conventional choice. The matrix S =
B A~! transforms A to B, leaving the lattice
invariant. S is nonsymmetrical and therefore
cannot be produced by a torque-free stress.
However, it can be symmetrized by multiplying
by its transpose (ST), taking the square root of
the diagonalized product and transforming back
to the original coordinate system. This gives
the so-called magic strain transformation [2] S,
= U[UTSTSU]2UT, where U is the matrix of
the eigenvectors of STS. The transformed lat-
tice S, A is the same as B = S A, apart from
the rotation R, where RS A = S, A,orR =
S, S

A NEW STRUCTURE FOR SILICON

Let S,, to be the end point of a continuous
transformation. For our example (A and B
given above), the lattice stretches by 78% along
the (0.85, —0.16, —0.50) direction, 0% along
(1, —1,2) and —44% along (0.34, 0.90, 0.28),
as given by the eigenvalues and eigenvectors of
Sm- The transformation can be produced by
compressing the lattice along the latter direc-
tion, allowing the remaining crystal structure
parameters to relax to minimum energy. For
the diamond structure, which has two atoms per
primitive cell, this includes a relative displace-
ment of the two sublattices. Figure 1 shows the
energy curve that results when using the Stil-
linger-Weber (SW) model [3] for silicon if the
additional lattice strains are confined to stretch-
ing (or contracting) along the other two orthog-
onal directions. Two features to notice are: (a)
The maximum energy corresponds roughly to
the thermal energy available at the melting
temperature. This feature is present in similar
calculations for all other solids treated thus far
(rare gas solids, aluminum, iridium, and NaCl).
This could explain a well-known trend that
correlates large elastic constants with high
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Fig. 1 — Energy per atom, for the Stillinger-Weber model,
as a function of the percent of the transformation S
completed. The central minimum denotes a metastable
structure.

melting temperatures, since the curvature at 0
and S, is given by the elastic constants. (b) The
minimum at the midpoint between 0 and S,
indicates the presence of a nearby stable struc-
ture. We call it bct5 because it has a body
centered tetragonal lattice with each atom at the
approximate center of a pyramid with corners
occupied by 5 near neighbors. The energy of
SW silicon, when fully relaxed in the bct5
structure, is 7 mRy/atom above the diamond
structure.

The stability of the SW-bctS structure has
been examined with lattice dynamics, elastic
constant calculations, and molecular dynamics
simulations [4]. All studies showed the struc-
ture to be quite stable. For example, molecular
dynamics simulations place the melting tempera-
ture near that of cubic silicon. When the bct5
structure is computed by using first principles
methods, its energy is 16 mRy/atom abuve the
diamond structure—more than a factor of two
larger than that given by the SW model. Thus,
we do not expect bct5 silicon to be as stable as
indicated by the SW model, which has been
verified by comparing the elastic constants
computed by both methods [4]. However, both
models are indeed elastically stable and have
stable long-wave optic modes. A short-wave
(zone boundary) instability would lower the
energy without disturbing, to lowest order, the
underlying lattice, aside from cell doubling




along the direction of the unstable wave vector.
Such distortions would further stabilize the bctS
structure against returning to the cubic (dia-
mond) form.

ELECTRONIC STRUCTURE OF
betS SILICON

The electronic properties of the bctS phase
have been determined by first-principles meth-
ods. This phase is a metallic one, in contrast to
the semiconducting diamond-structure phase but
like the known high-pressure 8-tin form. A
charge density contour map (Fig. 2) compares
the bonding of these three forms of silicon.
High-density regions (red) between atoms de-
note covalent bonding. Thus, we find that the
betS structure is an intermediate phase between
the lowest energy diamond lattice (coordination
4, all covalent bonds) and the high-pressure -
tin lattice (coordination 6, all metallic bonds),
both in terms of geometry (coordination 5) and
electronic behavior (both metallic and covalent
bonding). Because of the partial covalency in
the bctS structure, it is less metallic than in the
B-tin form.

BETTER EMPIRICAL MODELS

Large lattice strain calculations may be very
useful in developing better empirical interatomic
force models. The interatomic potentials cur-
rently used in simulations are often constructed
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Table 1 — Energy and Volume Comparison

E-Ey(mRy) 47
SwW FP Sw FP
bets 7 16 91 .86
B-tin 15 16 .86 1

without much consideration for whether or not
they give correct energies for large distortions.
As a result, potentials are likely to be unreliable
for describing properties such as the structure of
the liquid state and deformations under pressure.
Table 1 compares the energies (per atom) and
volumes, relative to the values for cubic silicon
(Ey and V) calculated with the SW model and
by first principles (FP). The SW potential for
silicon was constructed to give reasonable liquid
state properties. Even so, it gives approxi-
mately five near neighbors in the liquid; in
reality, there are on average a little more than
six. This discrepancy could be related to the
fact that the SW potential overstabilizes the bctS
structure.

PREDICTION OF MAGNETISM IN CoH

Significant advances in computational tech-
niques and computer power allow theorists to
survey a large number of materials for desired
properties much faster than experimentalists can
perform the measurements. One example is our
discovery of magnetism [5] in CoH, which
occurred independently from experimental work

(a)

(b) {c)

Fig. 2 — Valence charge density contour plot {red, high density; blue, low density) for the (110) planes of the
three structures of silicon:diamond (a), betb (b), and g-tin (c)
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performed at about the same time [6). By using
lattice parameters predicted by total energy cal-
culations, we computed the band structure for
all transition-metal monohydrides in the fcc rock
salt structure. The results of these calculations
were used to evaluate the Stoner criterion for
ferromagnetism, i.e., N(Eg)l > 1. N(Ep) is the
electronic density of states at the Fermi level,
Eg, and I is a magnetic interaction strength.

Figure 3 shows our results for the 3d, 4d,
and 5d classes of metal hydrides. This figure
shows that CoH easily exceeds the Stoner crite-
rion with a value of approximately 2. FeH
comes close to the Stoner limit with a value of
0.91, while the rest of the 3d as well as the 4d
and 5d monohydrides have values well below
1.0. The calculations reveal an unexpected
‘‘symmetry’’ in that the peak in magnetic ten-
dency is found at 10 valence electrons for all
the three transition metal series. This also cor-
relates with the pure metals, where Ni, the only
stable fcc structure monatomic magnetic mate-
rial, also has 10 valence electrons.

2.0 g
18 e e
16 8
1.4
1.2
1.0
0.8

N(EF)!

0.6 BN
0.4
02 B

VALENCE ELECTRONS

Fig. 3 — The Stoner factor N(E.}i plotted as a function of
valence electrons for all transition metal monochydrides. A
maximum of about 2 is reached for CoH, which was pre-
dicted to be a new magnetic material.

Mdssbauer studies on CoH, and FeH, were
reported at the same conference [6] where we
presented our calculations [5]. The experimen-
tal findings identified an fcc CoH vy phase and
an hcp FeH phase for x < 0.9 in which both
exhibited ferromagnetism. Because our results
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of Fig. 3 correspond to the stoichiometric limit
x = |, we extended our calculations of CoH,
for x = 0.9 by using the coherent potential
approximation. We found that disorder lowers
the value of N(Eg)I to the value 1.7, which is
still well above the Stoner limit. In FeH, a
value N(Ep)I close to but below the Stoner crite-
rion is found consistent with the fact that mag-
netic fcc FeH is unknown in nature. However,
the proximity to the Stoner criterion suggests
the possibility of magnetism in related
structures—exactly what is found for hcp FeH.

BEATING THE N3 PROBLEM

The main limitation on the applicability of
standard DF methods arises from the fact that
the computational requirements increase rapidly
with the complexity of the material in question.
A useful measure of the complexity of a solid is
the number of atoms N in a primitive unit cell,
molecule, or cluster. Most elemental solids
have N = 1 or 2. The high-temperature super-
conductor, YBa,Cu;0,, which has been studied
extensively at NRL, has N = 13, while buck-
minsterfullerene Cgy has N = 60. Conventional
DF algorithms have computational requirements
proportional to N (denoted O(N?)), so that each
doubling of N results in an eight-fold increase in
computer time. Although methods suitable for
treating 100 or more atoms of certain types
exist, this O(V?) scaling has restricted calcula-
tions for transition element containing materials
to less than 40 atoms per cell. However, recent
work in NRL’s Complex Systems Theory
Branch has led to new real-space algorithms [7]
that bypass the previously dominant N3 steps
and extend the range to 100 or more atoms with
no restriction on the type of material. The abil-
ity to perform calculations for materials contain-
ing transition elements is particularly significant
to the Navy because of the need for improved
magnets, ferroelectrics, superconductors, and
refractory and structural materials, all of which
generally contain these elements. The first
application of these new algcrithms was to
elucidate the properties of a prototypical mem-
ber, Cs(15-crown-5),, of a novel class of solids
called electrides. In this material, the Cs atom
acts as if it were a transition metal because of




the highly unusual chemical interaction between
the crown ether molecules (15-crown-5 =
C,00sH,0) and the Cs outer core electrons.

ELECTRIDES: ELECTRONS AS ANIONS

Electrides are unusual solids formed from
alkali metal atoms encapsulated by crown ether
or cryptand molecules. These materials have
crystal structures containing large empty spaces.
A prototypical example, Cs(15-crown-5),, can
be described as a distorted CsCl-type lattice
having a Cs atom surrounded by two crown
ether molecules on the ‘‘Cs’’ site and an empty
space at the ‘‘CI’’ site. The description of the
chemical cohesion in the electrides is even more
unusual. The encapsulated alkali metal atoms
(Cs plus two crown ethers) are regarded as the
positive ions in an ionically bonded crystal with
single electrons, localized in the empty site,
acting as the balancing negative ions [8]. This
view, although indirectly supported by some
experiments, has been challenged and was the
subject of considerable controversy. However,
because of the complexity of the electride crys-
tals, this question could not be resolved either
theoretically or experimentally until the develop-
ment of the large-scale electronic structure
algorithms discussed above. With these and a
few hours of supercomputer time, Singh and co-
workers [9] calculated the electronic structure of
Cs(15-crown-5),.

Figure 4 is a schematic energy level dia-
gram. The electronic states are divided into two
well-separated groups:

¢ occupied bonding molecular orbitals
associated with the cohesion of the
crown ethers and their interaction with
the complexed alkali atom; and

¢ the corresponding antibonding and non-
bonding orbitals, which are unoccupied.

There is one additional band, containing exactly
one electron per unit cell, in the gap between
the bonding and antibonding manifolds. The
character of the states comprising this band
determines the nature of the electrides, i.e.,
conventional molecular solids or novel ionic

E (eV)

Fig. 4 — Schematic repre-
sentation of the electronic
energy bands of Cs(15-
crown-5),. The narrow
band near the top of the
gap contains the electride
state.

materials. Figure 5 is an isosurface (3D-con-
tour) plot that shows the charge density associ-
ated with this state. The charge is strongly
localized in the ‘‘empty’’ sites, has maxima at
their centers, and does indeed show that these
electrons play the role of negative ions in the
electrides! The electrides are the only known
materials with this property.

Several related, interesting, and potentially
useful features of the electrides emerge from
this calculation. Among these is the fact that,
because of the location of the interstitial elec-
trons in the electrides, they should be very
weakly bound to the solid. This means that
electride crystals are anticipated to have record
low work functions (important in thermionic and
field emission). Furthermore, because of the
proximity of these materials to correlation-
induced metal-insulator transitions, unusual dop-
ing dependencies of their physical properties are
expected. When the electrides are successfully
doped, these variations can be measured and
their utility assessed. Independent of this, be-
cause of the presence of only one partially
occupied band, doped electrides are likely to be
very useful as model systems for studying corre-
lation-induced metal-insulator transitions. This is
an important but at present poorly understood
subject.

FEATURED RESEARCH
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Fig. 5 — The charge density of the electride state
represented by an isosurface (constant density)
plot. The positions of the atoms are denoted by
colored spheres (Cs, green; C, red; O, blue; H,
yeliow).

TOWARD COMPLEX MATERIALS
SYSTEMS

Historically, computational materials sci-
ence has been divided into the study of macro-
scopic systems, by using continuum theory and
the experimentally observed elastic properties of
materials, and first-principles methods, which
are restricted to the study of small clusters or
periodic lattices with only a few atoms in the
unit cell. The gap between these regimes has
decreased with the development of first-
principles calculations that break the N3 barrier.
These calculations allow systems containing
hundreds of atoms to be studied by using mod-
ern computers. Unfortunately, no matter how
efficient first-principles methods become, it is
doubtful that they will soon be able to handle
clusters or unit cells containing thousands of
atoms. Computations on these large systems are
necessary for a detailed atomistic understanding
of the creation and motion of structural defects
such as vacancies, interstitial atoms, disloca-
tions, grain boundaries, anti-phase boundaries,
and twinning (all of which are important for
determining the strength and ductility of mate-
rials), as well as the general problem of alloy
formation.
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NRL'’s Complex System Theory branch is
actively pursuing ways to bridge the gap be-
tween the atomistic first-principles and macro-
scopic continuum calculations. New methods
are being tested that have the property that they
reproduce the result of the accurate first-
principles calculations when applied to small
systems, yet can handle large numbers of atoms
in a reasonable amount of computer time.
Although we are not yet able to handle the
motion of systems with thousands of atoms at
room temperature, we are developing techniques
that will be able to handle such systems in the
very near future.

This research uses the results of first-
principles calculations to fit a tight-binding
Hamiltonian [10]. The tight-binding Hamilto-
nian provides a simple method to reproduce the
quantum mechanics of the first-principles calcu-
lations without the necessity of performing a
full-scale self-consistent calculation [11]. Be-
cause the method can be formulated in terms of
interactions only between atoms that are close
together, the computational effort no longer
scales as O(N?), but rather as O(N?) or even
O(N), depending on the algorithms used.

DIAMOND GROWTH AND SURFACES

We have implemented a tight-binding total
energy functional, with parameters fit to first-
principles density-functional calculations of
carbon clusters and hydrocarbon molecules.
This functional is capable of exploring situ-
ations that are much too difficult even for our
extended first-principles methods discussed
above. This method is simple enough that in its
first application [12] it was applied to all three
high-index surfaces of diamond [(111), (100),
(110)], for both the clean case and for varying
levels of hydrogen coverage. In cases where
first-principles studies exist, it reproduces the
known results. The tight-binding method has
provided new predictions of surface stabilities
and reconstructions. The method readily pro-
vides the frequencies of hydrogen vibrations that
can be compared directly with experimental data
to demonstrate correspondence, or lack of it,
between the predicted structure and the one
obtained in the laboratory.

e




This tight-binding method has been applied
to a situation that is both topical and demon-
strates its potential. Spurred by work in NRL’s
interdivisional accelerated research initiative
‘‘Diamond Film Growth: Mechanisms,”’ this
method was applied to simulate the dynamic
relaxation of atoms at and near a step on the
(111) diamond surface. Figure 6 illustrates both
the initial configuration, with carbon atoms
tetrahedrally bonded, and the fully relaxed
structure. It is predicted that, at low tempera-
ture, the atomic layer above the step essentially
graphitizes, except that bonds at the step ledge
are not broken. At high temperature, where the
hydrogen that is normally present is desorbed, it
is likely that the entire layer above the step will
defoliate as a flake of graphite. If, however,
hydrogen is reintroduced before the step ledge
bonds are broken, tetrahedral bonding reasserts
itself, and the diamond structure around the step
is restored. Similar bond-breaking and rebond-
ing processes are expected to be involved in the
growth of diamond from hydrocarbon mole-
cules.

Fig. 6 — Structures of the ideal (top) and
fully relaxed (bottom) step on the (111)
diamond surface, Colors represent the
relative energies of the atoms: blue is low
energy, as in bulk diamond or in graphite;
red denotes a very high, unfavorable en-
ergy associated with dangling bonds; and
yellow and green denote intermediate
energies.

FEATURED RESEARCH

DEFECTS IN METALS

To further demonstrate the power of the
tight-binding method, we studied the formation
of a vacancy in silver. The calculation starts
with a supercell of 128 atoms (Fig. 7). A silver
atom is removed from the supercell, forming a
vacancy site, and the atoms near the vacancy
are allowed to relax. The tight-binding method
is then used to determine the energy required to
form this vacancy. Although this process takes
several hours of computer time on a work-
station, a first-principles calculation of the same
properties would consume several weeks of
supercomputer time. Our calculations show that
the energy required to form a vacancy in silver
is 1.2 electron volts (eV), in good agreement
with the experimental value of 1.05 eV [13].

Further development of the tight-binding
method will allow us to directly determine the
dynamical matrix of a quantum mechanical sys-
tem, allowing a complete description of the
motion of atoms in a solid and thermodynamic
properties. Coupled with calculations on large

Fig. 7 — Vacancy in a supercell of silver atoms. The
spheres represent the atoms. Relaxation of the atoms
around the vacancy can occur. The tight-binding
method has been used to study properties of the va-
cancy in supercells of more than 100 atoms.
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systems containing thousands of atoms, we will
begin to be able to bridge the gulf between
first-principles calculations and the macroscopic
world.
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Self-assembled Molecular Templates:
Microtubule-based Controlled Release for
Biofouling Control and Medical Applications

Ronald R. Price, Alan S. Rudolph, Jonathan V. Selinger, and Joel M. Schnur
Center for Bio/Molecular Science and Engineering

INTRODUCTION

The area of self-assembled ultrafine particu-
late-based composites (nano composites) has
been a major thrust in advanced material devel-
opment in NRL’s Center for Bio/Molecular
Science and Engineering. We have focussed on
the application of biologically derived, self-
assembled cylindrical microstructures to form
advanced composite materials for controlled-
release applications. These microstructures,
called tubules, have many applications in the
material sciences. An exciting use of these ma-
terials is as ‘‘microvials’’ for long-term release
applications.

Over the past several years there has been a
great deal of interest among scientists in the
area of ‘‘nano’’ technology and materials self-
assembly. A particularly interesting approach is
to use bottom-up molecular-level engineering to
produce new materials with improved physical
properties. Nature uses this approach to form
simple mineral crystals as well as large complex
living systems. Initial progress in understanding
the basic rules governing self-assembly has
provided advances in scientific disciplines rang-
ing from molecular biology 1o materials science.

Research conducted at the Center for
Bio/Molecular Science and Engineering has led
to the discovery that modified phospholipid
molecules (1,2-bis(10,12 tricosadinyoyl)-sn-
glycero-3-phosphocholine (DC; oPC)) form
tubular microstructures (Fig. 1). While explor-
ing the physical characteristics of this lipid,
Yager and Schoen [1] found that DC, )PC
formed novel, small microcylinders, which they
called tubules. These microscale lipid cylinders

self-assemble either by thermal cycling or
through crystallization in a mixed solvent sys-
tem. The resulting submicron-scale structures
typically are cylinders with diameters of 0.5
microns and lengths from tens to hundreds of
microns. Further investigation has shown the
structures to be formed from lipid ribbons that
are wound in helical fashion around the central
axis of the structure. The resulting structure
can best be described as approximating a paper
drinking straw. Recently, human bile has been
found to form self-assembled microtubules very
similar to those observed from man-made lipids.
Further exploration into the nature of this lipid
has resulted in the formation of phospholipid

Fig. 1 — Negative stained TEM image
of lipid microtubules with diameters
averaging 0.4 ym
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filaments and helices. Recently a theoretical
mathematical model based on chiral molecular
packing has been proposed [2] to explain the
phenomenon.

An important use of both the lipid micro-
tubules and the resulting metallic microcylinders
(Fig. 2) is in the area of microentrapment and
controlled release. Microencapsulation and con-
trolled release has been a subject of interest
since the 1950s. Self-assembly of novel struc-
tures and their adaptation to the field of con-
trolled release may open a new range of oppor-
tunities for tailoring the delivery of active
materials in a wide range of applications over
long time frames. In contrast to many existing
systems where release can vary from minutes to
a few months, microtubules are capable of con-
trolling delivery of agents over much longer
time periods, e.g., from months to years.

Fig. 2 — SEM image of copper-coated microtubules at a
magnification of 6,000 x

ENTRAPMENT AND RELEASE FROM
HOLLOW MICROCYLINDERS

The concept of entrapment and release from
cylinders was first patented in 1977. This
patent described the use of a large-diameter
hollow glass cylinder to retain a fragrance or
pheromone that is released at a zero order rate
until depleted. The patent described release
periods of a few hours. An improvement was
the capping of one end to allow material to be
retained and released over a slightly longer peri-
od of time. Glass macrocylinders are also used
to entrap and retain blood samples. Blood is
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entrapped by capillary action in glass capillary
tubes where the blood is retained for analysis.
The use of these large-scale glass or plastic
hollow tubes was restricted, because no means
had been devised to retain volatile materials in
such a large cavity. The requirement to trap the
contents by sealing the ends or by providing a
barrier did not offer a significant improvement
in release times. In addition, because these
cylinders were so large in scale, they could not
be used to build a composite system, nor could
they be easily dispersed within a coating. They
were simply a convenient form in which to trap
volatile materials that would then evaporate into
the air. Independently at NRL, microtubules
were used to entrap and retain liposomes.

When characterizing metallic microcylinders by
transmission electron microscopy, it was neces-
sary to encapsulate them into an epoxy matrix to
form thin cross sections of the metallic walls. It
was noted that the epoxy had been able to infil-
trate the center core of the microstructures and
polymerize. When these same epoxy compos-
ites were subjected to ion etching, it was also
noted that the epoxy core was intact.

At about this same time, a sample of copper
antifouling paint from the USS Forrestal was
sent to our laboratory for analysis. The sample
was examined by scanning electron microscopy
and energy-dispersive X-ray microanalysis.

This revealed that the coating was loaded with
bacteria living in a polymeric sponge formed by
the resins in the paint after the copper antifoul-
ant and rosin leaching agent were prematurely
released from the coating. It seemed reasonable
to expect that hollow cylinders with ultrasmall
diameters, such as the lipid tubules discovered
at NRL, could have applicability for controlled-
release applications, including antifouling.

To demonstrate the viability of this concept,
we initially chose to study tetracycline as a
proof of principle. It was not known if the
tetracycline could be encapsulated in or subse-
quently released from the microcylinders. A
series of experiments was devised in which
tetracycline was mixed into an epoxy mono-
mer carrier and entrapped in the microtubules,
and the same experiment was conducted with
an epoxy polymeric material. The idea was
that the epoxy saturated with the tetracycline




entrapped in the metallic microcylinders would
work in a manner similar to blood in a glass
capillary tube. In a proof of principle experi-
ment, tetracycline was found to release from an
epoxy coating over time, compared to the con-
trol that simply was an epoxy polymer film
saturated with tetracycline (Fig. 3) [3]. Other
experiments varied the epoxy from a water-
miscibls form (Quietol) to an EPON epoxy that
was not water-soluble. Figure 4 illustrates the
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Fig. 3 — Release of tetracycline from epoxy coating, both
free associated and encapsulated

8 8 &8 8

% OF TOTAL TETRACYCLINE RELEASED
o

o

10 20 30
TIME (days)

o

Fig. 4 — Release profile of tetracycline from a
water-miscible Quietol carrier and from a nonwater-
miscible EPON 812 carrier
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differing release profiles for each of these res-
ins, providing an initial insight that, in fact, the
microcylinders might show promise as a con-
trolled-release system.

To understand the release phenomenon and
the variables that govern release, a mathematical
model has been developed. Critical variables
include the inner diameter of the cylinders, the
length of the cylinders, and the initial concentra-
tion of the encapsulant. Further factors could
be the solubility of the encapsulant in the exte-
rior environment, the molecular weight of the
encapsulant, and the type of polymeric carrier
(if any) used to retain liquid or particulate mate-
rials in the central core of the cylinder. For the
case of a metal-coated lipid tubule with solid,
impermeable walls, the encapsulant is capable
only of diffusing from the open ends of the
cylinder. This diffusion process is easily de-
scribed by the effective one-dimensional diffu-
sion equation

ac(x,t) _ D
at

3c(x,t)
ax?

where c(x,1) is the concentration of the encapsu-
lant at position x and time ¢, and D is the effec-
tive one-dimensional diffusion constant. The
boundary conditions for a cylinder of length L
with open ends are ¢(0,f) = o(L,) = 0. If the
encapsulant is uniformly distributed inside the
cylinder at the beginning of the release process,
the initial condition is c(x,0) = ¢;. The solution
of the differential equation is then

-]

o) = Y,

0 (2n+ Dx

4c,

n +1)x*Dt
L 2

X exp

sin [ (2n+ l)rx] ,
L

which gives the concentration profile as a func-
tion of both position within the core and time.
Integrating this expression over x gives the total
concentration of encapsulant with the tubule,

- 8coL (2n+ 1)*>x*Dt
1) = [, —ee e
‘ol ,.z(:) @2n + 1’22 exp L?
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Two limiting cases of these expressions
should be pointed out. For short times, the
total concentration of encapsulant drops off
rapidly as a square root law,

cold = € (1 - 2 /D).

In contrast, for long times the total concentra-
tion decays as a single exponential,

8c,L

Cold) = —— exp

.

2Dt
L 2

’

with the exponential decay time L?/x?D. This
long-term behavior is the significant regime for
controlled-release applications.

This model leads to the following important
conclusions. First, the release time for any
molecules encapsulated inside tubules scales as
the tubule length squared. Thus a high aspect
ratio is an important parameter for determining
the time scale of the release process. Second,
the release scales inversely with the effective
one-dimensional diffusion constant D. This
effective diffusion constant describes the effects
of the inner diameter of the cylinder and the
polymeric carrier that may be incorporated
inside the cylinder. In particular, if a polymeric
carrier is inside the tubule, the encapsulant
molecules must diffuse through a tortuous net-
work of pores to escape from the cylinder. The
effective diffusion constant car then be related
to the volume fraction of this porous medium.
Detailed comparisons between the predictions of
the model and experimental measurements are
currently underway.

Preliminary results show reasonable agree-
ment between theory and experimental results,
with typical release times of 900 hours, pro-
vided a second exponential decay process having
a typical decay time of 3 hours is added. This
second decay process can be attributed to the
release of molecules adsorbed onto the exterior
of the cylinder. The model clearly shows that
the controlled release from hollow cylinders
would be very attractive for long-term release
applications.
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CONTROLLED-RELEASE ANTIFOULING
COATINGS

Legislative action has banned the use of tin
antifouling coatings on vessels of less than 25
meters and completely banned the sale and use
of organotin-based paints in many states. The
U.S. Navy has adopted a policy to remain with
copper-based antifouling coatings until either a
totally nontoxic alternative can be found or a
paint developed with biodegradable antifoulants
that does not cause environmental harm. Cur-
rent technology is adapted to either the use of
organotin co-polymeric coatings or the delivery
of copper as the primary toxicant. Therefore a
new and novel coating would be needed to
entrap and deliver a range of antifoulants that
may not be compatible with polymeric paint
coatings. Most of the current microencapsulant
systems are not well-suited for very long peri-
ods of controlled delivery; in addition, they
often are not compatible with the solvents used
in polymeric paints.

One aspect of the antifouling coatings re-
search funded by the Office of Naval Research
has centered on the development of paints that
use natural products or their analogs to con-
trol marine fouling [4]. Natural compounds
extracted from a number of marine animals and
plants have proven effective in repelling marine
fouling in short-term screening tests (Fig 5).
Figure 6 shows a set of test rods that have
analogs of natural products simply added to the
paint base. Figure 7 is an identical set of rods
except that the analog is encapsulated in micro-
tubules. It can easily be seen that the simple
addition of active compounds to a coating is not
sufficient to obtain satisfactory results. Figure 8
shows a pair of steel test rods that had been
suspended in Coconut Harbor, Hawaii, for a
7-month period. Here again it is evident that
the microencapsulated material appears to repel
settlement, while the associated free material
fouled.

Natural products are active against a large
number of marine species, not only for repelling
barnacles but also for providing antimicrobial
activity. Analog compounds have demonstrated
a very narrow spectrum of activity against
marine barnacle larva, and require either an
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Fig. 5 — Extract of a sea pansy that
has been microencapsulated in copper
microtubules and added to a PVC coat-
ing vs a G-10 epoxy control rod {ex-
posed at Beaufort, North Carolina)

Fig. 6 — Set of three test rods removed at 2-week intervals Fig. 7 — Set of three rods (identical to Fig. 6), except that
from Pearl Harbor, Hawaii, containing a naturat product analog agent is microencapsulated in tubules
analog known to repel settlement of barnacle larva

Fig. 8 — Long-term (7-month} set of
rods removed from waters at Coconut
Harbor, Hawaii; cleaner rod has micro-
encapsulated agent
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algicide or antimicrobial to offer the same broad
spectrum activity. One compound of interest is
Khellin, a natural product derived from the
seeds of the Ami visnaga tree. Khellin is active
at a concentration of 0.22 ug/ml and acts as a
narcoleptic agent for barnacle larva. Cybrid
larva exposed to Khellin are observed to recover
and exhibit enhanced ability to settle and meta-
morphose following return to a nontreated sea-
water environment. Thus this compound ap-
pears to be a nontoxic repellent for barnacle
larva. Other compounds that are insect phero-
mones are also capable of repelling larva.
Ablative coatings containing zinc oxide as the
ablative pigment were loaded with three of the
analog compounds. In one treatment, a biocide
C-9211 (an isothiazolone) was added as an
antimicrobial. The results of short-term screen-
ing assays performed at the University of Ha-
waii and at Duke University Marine Laborato-
ries indicated that these agents could protect
hull surfaces much like the F-121 and ABC-3
copper-based coatings used as controls.

CONTROLLED RELEASE OF PROTEINS
FROM LIPID MICROCYLINDERS

Controlled delivery systems based on lipid
microcylinders can also be used in biological
systems for the release of proteins. Many types
of cells express biological response modifiers
such as growth factors and cytokines. Such
proteins regulate cell reproduction and differen-
tiation and are active in both homeostasis and
pathological growth of cell populations.

Growth factors and cytokines are important
in the regeneration of soft tissue following
injury. Many growth factors (such as TGF-Beta)
have very short lifetimes at the wound site.
Microencapsulation and controlled release of
these compounds from lipid microcylinders may
prove beneficial in accelerating wound healing.
Initial efforts have centered on issues of toxicity
and in-vitro release of TGF-Beta.

Profiles of the release of °I labeled TGF-
Beta from microcylinders have been measured.
TGF-Beta is a relatively hydrophobic protein
that releases at a slow initial rate of 5-10 ng/
day, with a sustained 1-ng/day release rate.
This profile is consistent, independent of initial
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concentration. Proteins do associate with lipid
membranes at a rate dependent on the ‘*hydro-
phobicity’’ of the protein. In this case, the
desorption of the protein from the surface of the
microcylinder is an additional factor in model-
ing their release from microcylinders.

Interaction of the lipid microcylinders with
T-cells and macrophages isolated from periph-
eral human blood has been studied. Because
both T-cells and macrophages are important
mediators of the immune response during
wound healing, this study was conducted to
elucidate any adverse reactions by the cells to
the polymerizable lipids used to form the micro-
tubules. Macrophages have been observed to
adhere and stretch along the axis of the micro-
cylinders, with no evidence that they are phago-
cytized [5]. The inclusion of ganglioside GM,
in the bilayer walls of the cylinders has been
demonstrated to reduce the degree of adhesion.

Current studies are being conducted to
elucidate the functional response of macro-
phages to the lipid cylinders. Hydrogel/lipid
microcylinder composites have been implanted
in healthy mice and used in rat full-thickness
skin wound models.

SUMMARY AND CONCLUSIONS

Many issues must be resolved before the
full potential of this approach can be realized.
Variables controlling release rates must be fully
elucidated. Issues of cost, toxicity, and efficacy
need to be addressed before commercial devel-
opment.

The lipid itself is expensive to produce, and
problems may be created during pilot plant scale
up. Recent improvements in the synthesis of
these lipids from lower cost precursors such as
soybean phosphatidylcholine, and the ability to
recycle lipids from metallic microtubules may
provide a means of lowering the costs. These
same issues will affect the commercial applica-
tions of lipid microcylinders in medicine.

The ability to use natural products in anti-
fouling paints also is not certain. Issues such as
providing broad-spectrum biofouling control
without persistent biocides, the ability to retain
activity in the environment over prolonged (5-
year) service cycles, and the ability to produce




the metallic microcylinders at a commercially

viable price is uncertain, although alternatives
may be available. If cost and suitable produc-
tion issues can be successfully addressed, this

approach seems to be quite attractive.

There are a number of other applications
for long-term release in, for example, agricul-
ture, antifungals, and bioremediation. Our
studies have made it clear that ultrasmall cylin-
ders provide an excellent approach to obtain
such long-term release.
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Monitoring Whales and Earthquakes by Using SOSUS

Clyde E. Nishimura
Marine Geosciences Division

INTRODUCTION

In the years immediately following World
War II, investigators pioneering the use of
hydrophones in the nascent field of underwater
acoustics detected numerous unknown signals.
They hypothesized these signals to be originat-
ing from cetaceans (e.g., whales) or oceanic
earthquakes. Because the applied mission of
this research was detecting and tracking subma-
rines, these sounds were simply cataloged and
then basically forgotten by the Navy—leaving
behind a trail of colorful names for these signals
such as the A-Train, Jeze monster, commas,
and barnyard chorus, to name a few. And so
for several decades, the oceans reverberated
with the mysterious sounds of whales vocalizing
in relative anonymity.

This all changed in November 1992, as the
Space and Naval Warfare Systems Command
(SPAWAR) and the Commander Undersea
Surveillance Atlantic (CUSL) jointly initiated
Whales’93, an innovative dual-use scientific
program that used existing Department of De-
fense (DoD) assets to pursue fundamental envi-
ronmental research. With the use of the U.S.
Navy’s Integrated Undersea Surveillance System
network of underwater hydrophone sensors in
the Atlantic (IUSS), the Whales’93 program
sought to

e catalog the acoustic signals from large
marine cetaceans to determine their
poorly known spatial and temporal distri-
butions in their deep-water environment,
and

e detect and locate T-phase radiation cen-
ters from oceanic earthquakes to obtain a
picture of low-magnitude seismicity.

The Marine Geosciences Division of NRL
has been a major participant in this program
from its inception, assisting in the initial plan-
ning and implementation of Whales’93. We also
worked directly with active Navy fleet person-
nel, primarily at CUSL and the Naval Ocean
Processing Facility (NOPF) at Dam Neck,
Virginia, as well as with researchers from Cor-
nell University. This short article briefly de-
scribes the background of the Whale’93 pro-
gram and the various acoustic signals from
whales and earthquakes.

SOSUS AND SOFAR

Based on experience gained during the first
and second world wars, the United States real-
ized that antisubmarine warfare represented a
mission of high importance. Its priority grew
during the Cold War to one of critical propor-
tions with the buildup of a sizable Soviet sub-
marine fleet. To counter this threat, in the mid-
1950s the U.S. Navy developed the SOund
SUrveillance System, better known as SOSUS,
which used passive underwater acoustics to
detect and track submarines over ocean-wide
expanses. Eventually this system expanded to
become IUSS, a cohesive network of both fixed
and mobile assets for acoustic monitoring of the
oceans.

Because IUSS is an operational compon-
ent of the U.S. Navy, security restrictions are
still imposed. Hence, details of SOSUS are
not provided in this brief article, instead they
are left to the imagination of aficionados of
Tom Clancy novels. What can be stated is
that SOSUS consists of a series of fixed (i.e.,
ocean-bottom-mounted) hydrophones. Re-
ceived acoustic signals are transmitted back to
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land-based processing centers via underwater
communication cables where time-series data
from the individual hydrophone elements are
summed according to preselected bearings of
arrival at the arrays. This is the well-known
technique known as beam-forming. The beam-
formed acoustic data, which are directional in
coverage, are subsequently transformed into a
lofargram (low-frequency acquisition and rang-
ing), which is subsequently plotted, displayed,
and then scrutinized by highly trained Naval
Ocean Technician Analysts (OTAs). The exact
frequency range of the system is classified, but
it is sufficient to say that it is optimal for long-
range detection of acoustic emissions (e.g.,
propeller noise) from submarines and ships; it
is also ideal for studying large cetaceans and
oceanic earthquakes.

The ability to detect low-frequency sig-
nals from submarines, whales, and oceanic
earthquakes at long distances is due in part to
the existence of the sound fixing and ranging
(SOFAR) channel in much of the world’s
oceans. This low-velocity zone is created by
changes in the temperature and pressure of
seawater at depth; it results in trapping of hori-
zontally propagating acoustic waves. The fo-
cusing of this energy within the SOFAR chan-
nel is highly analogous to that of an optical
lens. Because the attenuation of low-frequency
energy in the oceans is extremely small, acous-
tic signals are diminished only by geometric
spreading.

WHY WHALES?

Past cetacean research has primarily been
conducted by using observations made in coastal
areas or by studying captured animals. The
expense of performing long-term observations
by either plane or ship in the deep- water regions
of the oceans is prohibitive. The logistical
problems of attempting to capture and hold
large marine animals, such as the 150-ton blue
whale, for study, speaks for itself. Hence,
passive acoustic monitoring of the vocalizations
of cetaceans in their deep-water environment
represents a highly attractive research option.
But why should the U.S. Navy be conducting
such research?
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The answer to this question is simple. The
Navy is in a unique position; it can contribute
an invaluable resource for performing funda-
mental environmental research while still main-
taining IUSS operational capabilities. Use of
the existing SOSUS arrays, whose construction
could not have been realistically financed by
purely academic funding, therefore represents
an effective dual use of DoD assets. In these
times of growing environmental concern, it is
clear that the national security of the United
States not only involves military objectives but
also includes protection of the world’s environ-
ment. IUSS dual use therefore represents a
sound course of action.

Besides the knowledge that they are being
responsible denizens of the oceans, the Navy
also directly benefits from such studies. The
analysis of the vocalization from cetaceans is a
challenging problem that involves the study of
broadband, short-time-duration transient signals.
These types of problems appear to be critical for
monitoring diesel submarines in a littoral envi-
ronment. Furthermore, monitoring 50 simulta-
neously vocalizing whales is a task that demands
efficiency and high analytical skills. The
knowledge gained during Whales’93 is being
translated back into IUSS operational proce-
dures. Finally, it is not presumptuous to think
that the study of cetaceans, who have been
evolving their acoustic processors for millions
of years, may lead to a better understanding of
underwater acoustics.

DATA

As part of the Whales’93 program, NRL
installed a 16-channel data acquisition system at
NOPF Dam Neck; this system is a clone of the
system installed by the National Ocean and
Atmospheric Administration at a similar Naval
Facility at Whidbey Island, Washington. This
personal computer-based system continuously
records a mixture of raw hydrophone and beam-
formed data received on the SOSUS fixed hy-
drophone arrays in the western Atlantic. To
make the volume of data being collected man-
ageable, an upper frequency limit of 200 Hz
(anti-aliasing filter) has been imposed during
data acquisition. The time-series data are




recorded on 8-mm digital tapes that are subse-
quently processed at the newly opened Dual Use
Analysis Center located at NRL.

Transient signals from mysticetes (baleen
whales) are easier to interpret by applying time-
frequency transformations; the most commonly
used and simplest to implement technique is the
short-time FFT spectrogram. The basic function
of time-frequency methods is the generation of
an image in which time is one axis and frequen-
cy the other. The respective amplitude of the
signal is displayed by using some color-coded
scheme or by varying gray-level intensities.
Like all time-frequency methods, there is an
inherent trade-off between time and frequency
space. For instance, increasing the length of the
FFT increases the frequency resolution at the
expense of lower time resolution. Bilinear time-
frequency methodology, such the Wigner-Ville
distribution, are also being used. This is not
presented in this article because most people are
more familiar with spectrogram analyses.

Another basic method for displaying acous-
tic data is simply a time-amplitude (i.e., time-
series) plot; seismograms and electrocardio-
grams are examples of this type of diagram.
Although the frequency content of the signal is
not explicitly computed, it can be inferred by
visually inspecting the number of zero crossings
that occur within a specified time band; greater
zero crossings mean higher frequencies. Simple
time-series plot are extremely useful for dis-
playing the timing of transient pulses and for
displaying complex short-duration waveforms
that are not easily interpretable when using
spectrograms.

SIGNALS FROM WHALES

To date, numerous acoustic signals from
primarily four different mysticetes (blue, fin-
back, humpback, and minke whales) have been
recorded at NOPF, Dam Neck. These species
identifications were made by Dr. Christopher
Clark of Cornell University and are based on
comparisons of the recorded acoustic signals
with previously reported visual/acoustic obser-
vations reported in the scientific literature [1-5].
For the humpback and finback whales, our
confidence in the matching of the signals with

the species is extremely high. For the blue and
minke whales, the published literature is rather
sparse, and hence our confidence is somewhat
lower. It should be noted that a component of
the Whales’93 program was to obtain, by over-
flights of USN P-3 aircraft, visual and acoustic
confirmation of the species identification with
the acoustics received by SOSUS. Unfortu-
nately, this aspect of the program was not im-
plemented because of logistical problems.

Finback (Balaenoptera physalus)

The finback whale is the second largest of
the mysticetes, measuring up to 24 m in length,
with a mass of more than 7 X 10* kg (80 tons).
The signals from this sleek baleen whale have
been relatively well studied in the past [2],
although its migratory pattern, like that of the
other species mentioned in this article, is poorly
known. The study of finbacks is also of some
provincial interest; Dr. Alan Berman, forraer
Director of Research at NRL, once published a
paper in the Journal of Underwater Acoustics
describing signals recorded on Navy hydro-
phones from a suspected cetacean species. Un-
fortunately, like many early investigators, he
did not know at that time that those signals were
from a finback whale.

The low-frequency acoustic signals from
finback whales are characterized by downswept
frequency pulses of approximately 1-s duration,
25 to 18 Hz spectral content, an interpulse
spacing of 7 to 30 s, and 21 source level of up to
186 dB re ppascal at 1 m. A single finback
vocalization bout is usually characterized by a
relatively constant repetition rate (Fig. 1) with
the pattern broken up by discrete rests (e.g.
animal is breathing at the surface); the number
of pulses between these rests varies consider-
ably. In many instances, several vocalizing
finback whales were being recorded on a single
beam, which resulted in saturation of the 20 Hz
centered band. This type of signal is the infa-
mous ‘‘Jeze monster.”’

A common finback vocalization is the pro-
duction of doublet pulses spaced 1 to 2 s apart.
Additionally, finback signals sometimes contain
the odd harmonics of the fundamental pulse
frequency; Fig. 2 shows a doublet sequence
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Fig. 1 — Compressed time spectrogram showing the pulse pattern from at least two finback
whales. The individual pulses appear as the thin vertical lines centered on 22 Hz. Some of the
signal rests represent times when the animal is at the ocean surface breathing.
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Fig. 2 — Detailed spectrogram showing the fundamental and odd harmonics of a finback vocal-
ization, which is also characterized by the presence of doublet pulses. The third, and sometimes
fourth, pulses are most likely muitipath arrivais. The arrow points out a signal that is not the true
seventh harmonic of the fundamental frequency pulse.
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with harmonics. The harmonics are smaller in
amplitude than the fundamental frequency com-
ponent and are only recorded when the animal
is close to the receiving array. The presence of
only odd harmonics is representative of vibra-
tions within a closed-ended pipe and may be
indicative of the mechanism that the finback
uses to produce these low-frequency pulses.

Humpback (Megaptera novaeangliae)

The humpback whale is clearly the Pavor-
atti of the mysticetes—they produce long com-
plex sequences of sounds of high tonal quality
with a frequency content spanning three orders
of magnitude. These sequences, known as
songs, are composed of units, phrases, and
themes, with the individual songs lasting up to
several hours {3]. New Zealand acousticians
dubbed these mysterious signals the barnyard
chorus, which attests to their range and com-
plexity. Most people are familiar with the
haunting melodious song of the humpback
whale; it has been popularized by musicians
such as Paul Winter and Judy Collins and fea-
tured in movies such as Star Trek IV. The
humpback song is believed to be produced only
by the males of this species (i.e., George not
Gracie) as an integral part of their mating ritual,
which occurs during the winter months in the
northern and southern hemispheres.

The spectrogram shown in Fig. 3 displays
the low-frequency components (i.e., grunts,
groans, and moans) of one of these humpback
songs. The repetitive nature of the song is
clearly apparent by a simple visual comparison
of one sequence to the next, as are subtle varia-
tions; this is very representative of the hump-
back song. When speeded up by a factor of 16,
audio playbacks of these sequences resemble
bird calls. Unfortunately, much of the hump-
back vocalization occurs at higher frequencies
than the 200 Hz upper limit of our recordings,
which limits our ability to fully interpret these
songs. To help overcome this problem, we
have installed a new UNIX-based data acquisi-
tion system at NOPF Dam Neck that is capable
of recording full-frequency bandwidth data from
all individual hydrophones and beams from a
single array. This system will allow us to
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gather more information on the humpbacks and
will also enable us to perform close-in tracking
of the whales.

Minke (Balaenoptera acutorostrata)

The minke whale is the second smallest of
the mysticetes, measuring approximately 11 m
in length, with a mass of a mere 9 X 10° kg
(10 tons). The most common vocalization
consists of a sequence of more than 100 pulses
with a repetition rate of 3 to 5 pulses per sec-
ond. The individual pulses have a duration of
about 100 ms and a center frequency of usually
~120 Hz. These signals are audible to human
hearing. During the course of this program,
Navy OTAs at times were serenaded by nearly
continuous vocalization from several minkes that
were being broadcast live by a teenager’s boom-
box at NOPF Dam Neck. The pulse sequence
of the minke whale is well known to the OTAs
and is the ‘“‘A-Train’’ in the lexicon of the IUSS
community.

The initial results of Whales’93 indicate that
the basic pulse trains from minke whales are
highly repeatable within the context of a single
vocalization bout, which can last for several
hours. In Fig. 4, a compressed time spectro-
gram shows a series of minke whale vocaliza-
tions that appear as vertical bands in the image.
Because the time-integration (FFT length) is
much longer than the interpulse spacing, side-
banding about the center frequency of the pulses
is generated, resulting in a smearing of the
signal across frequency space. Although the
apparently extreme frequency content of the
minke sequence is partially an artifact, the
timing of the sequences is not.

The pulse trains from the minkes occasion-
ally come in pairs; two such paired sequences
are shown by the brackets in Fig. 4. Closer
inspection of these types of paired sequences
shows that the first pulse train is characterized
by an increase in the repetition rate, while the
second of the pair is characterized by a comple-
mentary decrease. There is also a possibility
that there may have been a higher frequency
component to these types of sequences that was
above the digitizing limits of the data acquisition
system.
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Fig. 3 — Spectrogram displaying four consecutive low-frequency phrases of a humpback song. The
individual phrases are similar in nature although subtle differences are also apparent. The Ms indi-
cate some of the vocalizations from a minke whale.
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Fig. 4 — Compressed time spectrogram showing a series of paired vocalization sequences from a
minke whale. These signals appear as vertical bands whose apparent frequency range is distorted
as the result of side-banding.
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What is enlightening is that the timing of
the pulses from one paired sequence to the next
can be extremely similar. For instance, Fig. 5
plots the time-series of two increasing repetition
rate pulse trains that occurred 10 min apart. It
is clearly evident that the timing of the pulses is
identical except for a slight mismatch at the
beginning of the sequences. This type of timing
capability seems to be intrinsic to the minke (as
well as the finback and blue) whales; it strongly
suggests that these vocalizations are not random.
The requirement for having such an exact bio-
logical clock is unknown, although it is hoped
that further investigations will lead to a greater
insight into the cause and reasons.

Additional types of minke pulse sequences
were also observed during Whales’93; prelimi-
nary analyses indicate at least three other domi-
nant subclasses. For instance, another fairly
typical minke sequence is characterized by the
onset of a series of rapid pulses. Approxi-
mately half-way through the sequence, the repe-
tition rate abruptly slows down, with an associ-
ated change in the individual pulse signature
(Fig. 6). Once again, the purpose behind
why the animal chooses to vocalize in such a

manner is unknown. In the near future we will
attempt to correlate other environmental param-
eters (e.g., water depth, weather conditions,
sea surface temperature, etc.) with the occur-
rence of the various vocalizations in an attempt
to shed some light on this curious behavior.

Blue (Balaenoptera musculus)

The blue whale is the largest animal ever
to inhabit this planet, with an overall length of
27 m and a mass of 1.3 X 10° kg (150 tons).
They are also somewhat mysterious animals
who apparently spend much of their time under-
water and, as this program has illustrated, in the
deep-water regions of the Atlantic. The blue
whale produces Jow-frequency sounds character-
ized by the presence of a long monochromatic
tonal followed by a downswept FM component
whose total duration is on the order of 20-30 s
(Fig. 7). This long-duration signal, which can
have a source level of up to 190 dB re upascal
at 1 m, is one of the most energetic biological
sound sources in the oceans. Finally, unlike
the finback, the second harmonic is sometimes
observed.

SOUND PRESSURE (VOLTS)
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Fig. 5 — Time series plot displaying two sets of pulses (black and red lines) from a minke. These
two sequences are separated in time by 10 min and are the first puise trains bracketed in Fig. 4.
The near-reproducibility of the timing of the pulse trains is remarkable.
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Time Per Scanline = 5 s

Fig. 6 — Time series plot showing a sudden change in the repetition rate and pulse signature of a
minke whale vocalization. Time is continuous from left to right, and from the top to the bottom
scanline. Note the complexity of the pulses after this sudden change, which occurs with the last
pulse on the upper line.
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Fig. 7 — High time resolution spectrogram of the signal from a blue whale. The low-frequency
vocalization is usually characterized by a tonal followed by a downswept FM component (1). The
duration of the FM downswept component can be relatively short (2}, Faint signals from the finback
whale are also present (F).
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A fairly amusing highlight of the Whales’93
program centers on the signal from the blue
whale. The shape of the blue whale vocaliza-
tion as displayed in a lofargram apparently re-
sembled a ‘‘comma’’ in the fertile minds of the
OTAs, hence, this name was given for such a
signal. Aware that the ‘‘commas’’ had some
biological origin, the Navy decided that the true
source was snapping shrimp, an animal several
orders of magnitude smaller than the blue
whale. Perhaps driven by this minor embarrass-
ment or more likely, by 23 years of successfully
bunting submarines, LT George Gagnon of
NOPF Dam Neck tracked an individual blue
whale for 43 days over a distance measuring
3200 km. Ol Blue, as this whale was nick-
named, vocalized at a rate of one ‘‘comma’’
every 74 s for most of those 43 days. This
constant repetition rate gave Gagnon confidence
that he was reacquiring Ol Blue after long gaps
of nonvocalization.

SIGNALS FROM EARTHQUAKES

In 1940, Daniel Lineham reported on the
observation of a new unreported seismic sig-
nal. This signal originated from earthquakes
along the western Antilles that were recorded on
seismographs of the Weston Observatory near
Boston. Since these signals arrived after the
primary (P, or compressional) and the second-
ary (S, or shear) waves that travel through the
solid earth, he aptly named his new discovery
the Tertiary or T-phase. The origin of the
T-phase remained a mystery until the late 1940s
when Ivan Tolstoy and Maurice Ewing of Co-
lumbia University realized that the T-phase rep-
resented seismic signals from earthquakes in
which the propagating path was primarily
through the oceans [6]; this proposal was a nat-
ural extension of their pioneering work in un-
derwater acoustics. Further work by Tolstoy,
Ewing, and Frank Press eventually convinced an
initially skeptical seismological community unfa-
miliar with underwater acoustic propagation.

It has been known since the 1950s that a
single underwater hydrophone detects at least 10
times more earthquakes than a comparably situ-
ated landbased seismometer. Hence, the utility
of T-phase research is in determining the tempo-
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ral and spatial distribution of low-magnitude
earthquakes in an oceanic region. This im-
provement in detection threshold is critical when
monitoring for the onset of active volcanism
along the Mid-Atlantic Ridge. Terrestrial
analogs show that earthquakes associated with
volcanic activity are characterized by the occur-
rence of large numbers of low-magnitude events
and the general absence of large-magnitude
earthquakes.

Long-range-propagating T-phases are char-
acterized by the presence of broadband signals
with a frequency content usually below 25 Hz.
This low-frequency content is a function of the
attenuation of higher frequencies by propagation
through the solid earth and by bottom-interact-
ing acoustic propagation near the radiation
center where this seismic energy is converted
to underwater acoustic energy. Occasionally,
shallow focused earthquakes that occur in an
optimal geological setting will excite T-phases
with frequency contents over 100 Hz (Fig. 8).
The duration of the T-phase can at times be
used to estimate the earthquake source magni-
tude, with durations of several minutes fairly
common.

SUMMARY

The various signals that were presented in
this article are but a small portion of those
observed during Whales’93. They do illustrate,
however, the diverse nature of the low-fre-
quency sounds of the humpback, minke, blue,
and finback whales. And as another migration
season begins, we are left with numerous ques-
tions. Do the vocalizations change from year to
year? Are there differences in the vocalizations
from varying areas of the Atlantic? What func-
tion do these sounds serve? To help resolve
these issues, NRL is currently installing addi-
tional recording systems at other Naval Facili-
ties in the Atlantic. This will greatly increase
our knowledge base and will hopefully provide
some insight for solving these questions.

Finally, the Whales’93 program unequivo-
cally demonstrated that the concept of dual
usage of DoD assets for environmental research
can be successfully implemented and achieved.
Utilization of hardware such as the SOSUS
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Fig. 8 — Compressed time spectrogram showing numerous T-phases from underwater earthquakes.
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High-Resolution Underwater
Acoustic Imaging

B. Kamgar-Parsi
Information Technology Division

The capability to image underwater objects
with high resolution, such that small features of
about 1 cm can be resolved, is important in
many Navy and commercial applications. These
applications include identifying objects, manipu-
lating valves, and inspecting pipes for cracks or
barnacle build up. Cameras and lasers have
high resolution but fail at centimeter ranges in
turbid water—a common condition in coastal
waters or in waters disturbed by people.

Acoustic signals, however, propagate in
turbid water with little degradation, thus sonars
are the only real alternative for imaging in such
conditions. In joint efforts, University of Wash-
ington Applied Physics Laboratory, Naval Ex-
plosive Ordnance Disposal Technology Center
(NEODTC), and NRL have developed and
tested underwater systems for three-dimensional
(3-D) imaging from distances of several meters.
The systems use a lens to focus incoming sound
waves, thereby eliminating the beamforming
electronics used in traditional forward-looking
sonars. Hence, they are relatively compact and
light. The lens technology is not new [1], but
recent advances in desktop computing and visu-
alization now make it possible to process and
display the large amount of data in real time.
We describe two of the prototypes and present
examples of images reconstructed from data
taken from stationary and moving platforms.

The Acoustic Eye: An innovative sensor
that operates in a manner analogous to the
human eye is the acoustic eye, it consists of a
thin, hemispherical shell and a retina containing
small ceramic transducers [2]. A specially
chosen fluid focuses incoming acoustic waves
onto the retina. The current fluid maintains
focus over a 15°C temperature range. The
transmission time delay gives target range; the
location of the retinal element receiving the
acoustic return gives bearing and elevation.
This prototype is a 300 kHz sonar whose retina
contains an 8 X 16 array of transducers. Each

transducer forms a conical beam with 1.5°
resolution between the —3 dB points. The
small number of transducers is due to sensor
technology limitations. Efforts are underway to
replace piezoelectric ceramic transducers with
new transducer technologies that will populate 2
retina with more elements that have narrower
beam patterns.

This system has a resolution of 25 cm at a
range of 10 m; thus, a single scan produces a
sparse sample that cannot resolve centimeter-
size features. To obtain a higher resolution
image, overlapping samples are needed. Hence,
we mount the eye on a platform and slowly pass
it over an object while it pings and acquires
data. Typically, one ping-cycle of the eye is 1 s
long. In a tow tank experiment, we passed the
eye over a vehicle called Pluto (Fig. 1) along
four different directions. Figure 2 shows the
images obtained from the four single passes, as
well as the passes combined.

The Acoustic Lens: In this imaging sonar,
beam-forming is done with a bi-concave solid
lens made of crystal polystyrene [3]. The lens
is lighter than the acoustic eye, and maintains
focus over a wider temperature range. The
drawback is the off-axis aberration, which is
nonexistent in the eye. At the focal point is a
single 3 MHz transducer with a 0.15° conical
beam. Although resolution increases by
increasing the frequency, range becomes more
limited because of greater sound attenuation.
To obtain an image, the system mechanically
scans and interrogates the object at cegular
intervals (typically 0.5 cm) from left to right
and from top to bottom. This scanning strategy
requires a few hours to produce an image, but it

Fig. 1 — Pluto, a 1.6-m-long remotely operated vehicle
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{a) Four different single passes

{b) The four passes combined without registration {c) The four passes combined after registration; note that
even such details as the vaive on the side and the strobe
lights and cameras in the head begin to emerge as bumps
in the right locations. Also note that sensor resolution is
about haif the size of Pluto’s head.

Fig. 2 — Volume rendered reconstructions of Pluto from data taken by the acoustic eye mounted on a moving platform. The
closest viewing distance was 8 m. Images are rotated to correspond to the same pose as in Fig. 1.
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mimics an ideal lens with a large focal plane
populated with some 100 X 100 transducers,
obviously with no aberration and no cross talk
among the elements. To speed up image acqui-
sition, mechanical scanning must be replaced by
a focal plane populated with many transducers.
However, this will result in significant off-axis
image distortions. Techniques for reducing
aberrations through compound lens design, as in
sophisticated cameras, together with innovative
scanning strategies are under investigation.

Experiment were conducted in a test tank,
where objects with small bolt patterns and ribs,
similar to those shown in Fig. 3, were imaged
from a distance of about 2 m under various
levels of turbidity. Results show that the im-
ages are not degraded by the mud and silt com-
monly found in shallow water. Some degrada-
tion occurs at high levels of suspended sand.
Figure 4 is a typical image produced by the
acoustic lens.

Scene Reconstruction: Data acquired by
the sensors are the acoustic backscatter energy
from within volume elements, or range bins,
shaped like a sliced cone. The range bins vary
in size and are irregularly positioned in space.
To reconstruct the scene, we represent the space
with a regular grid of small cubic volume ele-
ments, or voxels, and estimate the backscatter
from each voxel. A high voxel value indicates

Fig. 3 — Photograph of an object used in underwater
imaging tests

Fig. 4 — Reconstruction of the object shown in Fig. 3 from
data taken by the acoustic lens on a stationary platform.
View direction was normal to the plane of the bolt pattern.
The isolated spot to the right is a boit head (not visible in
the photograph) on the side of the cylinder. The noisy
appearance of the flat plain incline is due to the unfavor-
able look angle resulting in weak backscatter and, there-
fore, less certain surface detection.

the presence of a surface. This is done in two
stages. First, since each range bin intersects
several voxels its backscatter must be distributed
among them. Second, a voxel is often ensoni-
fied by several beams, resulting in different
estimates that must be combined to yield a
single value. Algorithms for distributing returns
involve modeling the beam patterns and comput-
ing range bin intersections with voxels. This is
conceptually straightforward, but it can be
computationally intensive. Algorithms for
combining estimates are nontrivial because we
have to deal with occlusions, partial illumina-
tions, and differences in angle of incidence.
Having obtained a 3-D grey level image,
we must find a way to see the object of interest
through the fog of ambient noise. How best to
enhance and visualize the object is also a topic
of ongoing investigation. When data are high
resolution and relatively clean, we first apply a
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surface detection algorithm to identify the sur-
iace voxels; we then tile the surface with voxel-
sized polygons, which performs a sub-voxel
interpolation; finally, we render the surface.
Figure 4 is generated through this process [3].
Note that various details, such as the bolt pat-
tern and the small circular feature, can be
clearly seen. In cases where the resolution is
not sufficiently high and the image is further
blurred by sensor motion, surface detection
often fails to produce the best possible image.
Therefore, we filter the scene and use volume
rendering to visualize the object. Pluto’s im-
ages are generated by this technique [2].

Image resolution may be further enhanced
by combining several different images of the
same scene. But images must first be regis-
tered. Figure 2(b), for example, is the result of
combining the four passes over Pluto by using
only the recorded navigational data. We have
developed algorithms, based on moment match-
ing, that perform image registration with
enough accuracy to significantly enhance the
resolution. Figure 2(c) is the result of register-
ing and combining the four passes. These
registration techniques need to be further devel-
oped; in practical situations the imaging system,
held by a diver or mounted on a small vehicle,
is subject to uncontrolled motions. Image regis-
tration for motion compensation may become
indispensable in obtaining sharp, high-resolution
images.

The underwater acoustic images taken from
stationary and moving platforms show the re-
markable degree of detail that can be currently
obtained. Improvements in transducer technol-
ogy, lens design, and scanning technizjues, to-
gether with further algorithm developments for
processing and visualizing the backscatter data,
are expected to produce even higher resolution
3-D images while reducing image acquisition
time.

Acknowledgments: The imaging system
prototypes were designed and fabricated by Ed
Belcher of University of Washington, Don
Folds of ARINC Research Corp., and Bruce
Johnson and Debra Scroggins of NEODTC.
Larry Rosenblum and Behrooz Kamgar-Parsi of

108

NRL have helped with visualization and algo-
rithm development.
[Sponsored by ONR]
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Cylindrical Wavenumber
Calibration Array

L.D. Luker and A.L. Van Buren
Underwater Sound Reference Detachment

There has been considerable interest in
recent years in the acoustic effects of the turbu-
lent boundary layer (TBL) produced by the
motion of a vehicle in water. The Navy has
specific concerns about interference by the
pressure field in the TBL with the proper opera-
tion of transducers used in towed sonar arrays.
The *“flow noise’’ produced by the TBL is
generally characterized by pressure fluctuations
that are transported in the flow direction at a
speed somewhat less than the free-stream veloc-
ity. Since these fluctuations are transported at
speeds less than the sound speed in water, they
have nonacoustic wavenumbers (i.e., wave-
numbers higher than acoustic wavenumbers at
the same frequency in water) and are, therefore,
evanescent.




o

To gain better understanding of the effects
of flow noise, it would be useful to be able to
calibrate the response of a sonar array as a
function of the wavenumber of the excitation for
frequencies of interest. This could be achieved
if a device existed that could generate a pressure
field consisting of essentially a single non-
acoustic-wavenumber component. The structure
being analyzed could then be placed in the pres-
sure field and its behavior monitored for differ-
ent wavenumbers. NRL has constructed and
evaluated a prototype Cylindrical Wavenumber
Calibrator (CWC) to generate nonacoustic-
wavenumber pressure fields in the water within
the calibrator (Fig. 5). It can therefore be used
to simulate the effects of flow noise on a towed
array placed in the water.

Prototype CWC: The prototype CWC was
constructed by using a piezoelectric polyvinyl-
idene fluoride (PVDF) tube for the active ele-
ments. PVDF is a fluorocarbon polymer that
can be treated to produce a relatively strong
piezoelectric effect. The CWC consists of (from
the inside to the outside, see Fig. 6): a urethane
coating; an inner (ground) electrode; a PVDF
tube; and the outer electrodes. This arrangement
resulted in a CWC with 40 active bands that
could be controlled with independent electrical
drives to each band. The prototype has a length
of 25 cm and an inner diameter of 3 cm. PVDF
was chosen as the active material partially be-
cause it allowed the construction of a CWC with
relatively flexible walls. Theoretical analysis
showed that a CWC with flexible walls could

Fig. 5. — Calibration of a towed-line sonar array using a
CWC array to generate nonacoustic-wavenumber pres-
sure fields within the CWC
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produce nonacoustic pressure fields within the
CWC with more uniformity in the radial direc-
tion (i.e., less dependence on the radial posi-
tion) than a CWC with stiffer walls [1].

Determination of the Band Drives: Oper-
ation of the CWC requires the determination of
appropriate sets of electrical band drives that
will produce acceptable nonacoustic-wave-
number fields within the CWC. The method
used is to first determine the electroacoustic
transfer matrix for the system, and then use the
inverse transfer matrix to calculate a set of
drives that will produce a desired pressure field
[2]. The desired field is specified in two re-
gions. The first region is a ‘“‘window’’ in the
central portion of the CWC where a pressure
field of uniform amplitude and the desired
nonacoustic wavenumber is specified. The sec-
ond region is the remainder of the inside of the
CWC where a zero-amplitude field is specified.
A transfer matrix can be determined either by
measurements or by using a mathematical model
of the CWC. Both methods have been explored
and the results used to create nonacoustic-wave-
number pressure fields within the prototype. A
mathematical model is also used to compute the
predicted pressure inside the CWC by using a
computed set of band drives.

Results: The prototype has been used to
produce pressure fields with various nonacoustic
wavenumbers at difforent frequencies. Figure 7
shows an example of the pressure field within
the CWC. Here a 71-m/s evanescent pressure

CALIBRATION ARRAY

TOWED-LINE SONAR ARRAY
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Fig. 7 — Pressures within the CWC for a 71-m/s evanescent pres-
sure field at 1600 Hz with drives computed by using the measured
transfer matrix and a window running from —8.9 to +8.9 cm.
Predicted amplitude and phase are shown by thick lines; thin line at
0 dB indicates window extent; shaded dots indicate actual pressures
measured along the centerline of the CWC
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field was created at 1600 Hz with drives com-
puted by using the measured transfer matrix and
a window running from —8.9 to +8.9 cm. The
upper graph plots the amplitude; the lower
graph plots the phase in degrees. The predicted
amplitude and phase are shown with the thick
lines. The thin line at 0 dB indicates the window
extent. The shaded dots indicate the actual
pressures measured along the centerline of the
CWC. The theoretical and experimental results
obtained with the prototype show that relatively
uniform nonacoustic-wavenumber pressure fields
can be created within the CWC.

[Sponsored by ONR]
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Direct Measurement of Edge
Diffraction from Acoustic
Panels of Decoupling Materials

J.C. Piquette
Underwater Sound Reference Detachment

Decoupling materials are used extensively
in underwater applications. An example is the
acoustical isolation of a hull-mounted detector
from the interfering influence of sound radiated
by hull vibrations. Decoupling materials are
typically characterized by very low sound
speeds relative to the sound speed of water (and
can even have a sound speed less than one half
that of air). Such very low sound speeds can
make it impossible to separate by gating the
wave directly transmitted through a sample

panel from the wave diffracted around the sam-
ple edge, despite the greater geometric path
length travelled by the diffracted wave. Hence,
it is often impossible to avoid edge-diffraction
contamination of measurements obtained to
evaluate sample performance. Heretofore, the
absolute level of this contamination has been
unknown, and its level could only be roughly
inferred by approximate methods.

Experimental Difficulties: Direct meas-
urements of edge diffraction arising in panel
tests of decoupling materials have not been
reported previously because of the great difficul-
ties that arise in attempting to obtain such meas-
urements. Decoupling materials are often de-
scribed as ‘‘pressure-release’’ materials, i.e.,
materials that exhibit a zero-pressure condition
over their boundary surfaces. This condition
theoretically would not permit sound to be
directly transmitted. Materials that approxi-
mately exhibit the pressure-rele=<: roperty are
typically rather soft (and can defo... when
submerged). When increased intrinsic rigidity
is engineered into these materials to prevent
deformation under hydrostatic pressure, the
resulting material invariably loses some of its
pressure-release property. A transmitted wave
of significant amplitude will then pass through
the material. Only the measurement of the
amplitude of this directly transmitted wave is
generally desired in a panel test of a decoupling
material; the edge-diffraction contribution repre-
sents a contamination of the desired measure-
ment. On the other hand, any attempt to di-
rectly measure the edge-diffracted wave is also
frustrated by the virtually simultaneous presence
of the transmitted wave. In this case, the trans-
mitted 